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A DISEASE IN CAPTIVE EGRETS CAUSED BY A VIRUS OF THE 
PSITTACOSIS-LYMPHOGRANULOMA VENEREUM GROUP 


HARRY RUBIN* 


From the Communicable Disease Center, Public Health Service, U. S. Department 
of Health, Education and Welfare, Montgomery, Alabama 


In a previous publication, Rubin et al? 
reported the isolation of a virus of the 
psittacosis-lymphogranuloma venereum 
group from the blood of two wild snowy 
egrets taken in southeastern Louisiana. 
The similarity in experimental host 
range of this agent to that of Louisiana 
pneumonitis (Borg strain), which was 
responsible for a severe human pneu- 
monitis outbreak in 1943,? was noted, 
and attention was called to the role the 
newly isolated agent might play in the 
epidemiology of human respiratory in- 
fection of unknown origin. The need to 
clarify the relationship of the egret virus 
to agents known to be pathogenic for 
humans has been further accentuated 
by the finding of this agent among 
another group of birds captured a year 
after the first egret isolation in Louisi- 
ana. This paper deals with these isola- 
tions and with some additional work 
done to characterize the agents isolated 
from both groups. 


History 


On June 19, 1951, 19 young American 
egrets and 23 young snowy egrets were 
capturedf in the southeastern part of 
Louisiana and brought to the laboratory 
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at Montgomery, Alabama. Here they 
were housed in large outdoor cages, and 
transferred indoors for use in various 
studies on the epidemiology of eastern 
equine encephalomyelitis then in prog- 
ress at the laboratory. 

On August 15th, one of the American 
egrets in an outdoor cage was observed 
to be emaciated and extremely weak, 
and was found dead later that day. In 
the ensuing two months, 18 American 
egrets, the entire laboratory population, 
died. Death usually occurred within 1 
or 2 days of the sudden manifestations 
of ruffling of the feathers, immobility, 
weakness, and floundering. On Septem- 
ber 5, 1951, in the midst of the American 
egret epizootic, a snowy egret in an ad- 
joining cage died, initiating a similar 
epizootic among the snowy egrets. 


Gross pathological findings 


Autopsy revealed that the birds had 
lost a great deal of weight, and there was 
wasting of the pectoral muscles. The 
spleen and liver were swollen, and the 
latter was usually pale, with areas of in- 
farction occasionally present. A fibrinous 
exudate frequently was seen in the peri- 
toneal cavity and the air sacs were 
thickened. 


Isolation of the agent 


The epidemiology and pathology of 
the disease indicated that it was con- 
tagious and systemic in nature and 
caused by a single infectious entity. 
Attempts to culture a bacterial or- 
ganism were unsuccessful. Smears made 
of the spleens and livers and stained 
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revealed minute 
coccoid bodies, resembling elementary 
bodies of the psittacosis-lymphogranu- 
loma venereum group. 


with Giemsa’s stain 


Some of the later cases were compli- 
cated by the fact that the birds had 
been used in successful transmission 
studies with eastern equine encephalo- 
myelitis (E.E.E.), experiencing a tran- 
sient viremia with this agent. In most 
of these birds, however, death did not 
occur until 1 week to 1 month after the 
viremia, and the pathology was identi- 
cal with that seen in the early cases 
where there had been no exposure to the 
E.E.E. virus. Two of the birds, how- 
ever, died within a week of the transient 
viremia. These two presented no gross 
pathology, and E.E.E. was recovered 
from their brains. The other cases were 
clearly not due to the E.E.E. agent 
since the pathology was distinctly dif- 
ferent and no virus could be recovered 
from the central nervous system. 

In order to isolate the responsible 
agent, suspensions were made of the 
liver and the spleen, and, in some in- 
stances, the heart, lung, kidney, in- 
testine, and brain. These were inocu- 
lated intracerebrally and _intraperi- 
toneally into different groups of mice, 
five for each organ suspension and for 
each route of inoculation. 

All mice inoculated intraperitoneally 


with either liver or spleen suspensions 


bird to succumb 
10 days after inoculation. 
and spleen from one of 
were smeared on_ glass 
slides and Giemsa’s stain was applied. 
Microscopic observation revealed clus- 
ters of minute blue-staining coccoid 
bodies similar to those seen in the birds’ 
organs and typical of the psittacosis 
group of viruses. Thereafter, the brains, 
livers, and spleens of inoculated mice 
exhibiting signs of infection were rou- 
tinely examined for the presence of psit- 


the second 


to 


from 
died 7 
The 


these 


liver 
mice 


RUBIN 


tacosis-like elementary bodies. 

Tissue suspensions were made from 
ten American egrets and two snowy 
egrets and inoculated into mice. The 
agent was first confirmed as a member 
of the psittacosis-lymphogranuloma ve- 
nereum group by complement fixation 
with serums from animals immunized 
against a class.cal psittacosis strain. 

In order to further identify the agent 
and its relation to other members of the 
psittacosis group, con- 
tinued material from of the 
American egrets and one of the snowy 
egrets. It was, of course, important to 
know the relation of this agent to the 
virus isolated from two noncaptive 
snowy egrets in 1950,' and to other 
members. of the _psittacosis-lympho- 
granuloma group of viruses. Particular 
attention was paid to the infectivity of 
the material for several species by 
different routes of inoculation, and the 
prophylactic effects of different anti- 
biotics, since there is no uniformly re- 
liable serological method of differentiat- 
ing viruses of the psittacosis-lymnho- 
granuloma venereum group.’ An at- 
tempt was made, however, to detect 
distinguishing serological properties of 
the agent, using the toxin and intra- 
nasal infectivity neutralization, but no 
clear-cut results were obtained. Finally, 
to learn as much as possible about the 
distribution of the agent in nature, all 
the wild bird serums which were avail- 


passage was 


of two 


able in the laboratory and not ear- 
marked for other uses were tested for 
antibodies to a known psittacosis anti- 
gen by both the direct and indirect, or 
inhibitory, complement fixation tech- 
niques. 

Throughout the rest of this paper, 
the most recently isolated agent will be 
referred to as egret strain 1951, and 


3. Meyer, K. F. and Eddie, B. 1952, Archiv. fiir 
die Gesamte Virus Forschung, R. Doerr and 
C. Hallauer, pp. 579-590. 
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that strain reported earlier! as egret 
strain 1950. Other strains employed in 
these studies were the 6 BC standard 
laboratory strain of psittacosis, and the 
Borg strain of Louisiana pneumonitis 
isolated from a severe human epidemic 
in 1943,? both supplied by Dr. Dorland 
Davis of the National 
Health. 


Institutes of 


Complement fixation 


The finding of elementary bodies 
should be supported by immunological 
evidence before a pathogen can be es- 
tablished as a member of the psittacosis- 
lymphogranuloma venereum — group. 
Complement fixation is most useful for 
this purpose, since the various agents of 
the group exhibit great uniformity in 
this test. 

The egret strain 1950 has previously 
been shown to fix complement with a 
known positive antipsittacosis serum, 
and to induce the formation of anti- 
bodies characteristic of the psittacosis 
group.! 

The 1951 strain was likewise demon- 
strated to be an effective psittacosis 
antigen, eliciting antibody formation in 
vaccinated guinea pigs, and fixing com- 
plement with antiserums to standard 
strains of psittacosis. 

As was expected, no immunological 
difference between the 6 BC, Borg and 
egret strains could be demonstrated by 
this technique. 

Chickens were also immunized against 


TABLE 1. 


the four strains, and their serums tested 
with a commercial psittacosis antigen 
by the direct and indirect or inhibitory 
complement fixation techniques. It was 
felt that using chick embryo material to 
immunize adult chickens would decrease 
the response to the normal tissue pro- 
teins, and would result in a more 
specific test for the different viruses 
used. However, this did not prove to be 
so. The serums from the immunized 
chickens were not able to fix comple- 
ment at all in the direct test, and there 
was complete cross reaction between all 
strains in the indirect test. The results 
of the indirect test are presented in 
table 1. 


Pathogenicity 


Chick embryos.—After three serial 
mouse passages, a passage was made 
into the volk sac of 6-day-old chick em- 
bryos. Death of the embryo occurred in 
3 to 5 days, and Giemsa-stained smears 
of the yolk sacs demonstrated great 
numbers of elementary bodies typical of 
psittacosis-like viruses. 

Suspensions made from the infected 
yolk sacs homogenized in their own 
yolk proved infectious in much higher 
dilutions than did the straight mouse 
passage material, and yoik sac material 
was therefore used in all the work to be 
reported except where otherwise stated. 

Mice.—Early mouse brain, or liver 
and spleen passages of the 1951 egret 
strain produced death in 3 to 8 days on 


-Indirect complement fixation test with psittacosis antigen and serums of 


chickens immunized with specified agents. 


Serum 


Anti-Borg 
Anti-6 BC 
Anti-egret 1950 
Anti-egret 1951 


Indirect or inhibitory serum dilution 





1:64 
++ 





+ 
+ 
+ 
— 





—, Complete inhibition of complement fixation (indicates a positive reaction). 


+ 75% inhibition of complement fixation 
++, 50% inhibition of complement fixation. 
+++, 25% inhibition of complement fixation. 


+ +++, No inhibition of complement fixation (indicates a negative reaction). 
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further intracerebral inoculation into 
mice, depending on the concentration 
employed. Death in intraperitoneally in- 
oculated mice usually occurred 2 to 3 
days later. The LDso titer of this mouse 
material was 10~*-° by the intracerebral 
route and 10-** by the intraperitoneal 
route. 

Since the most distinctive character- 
istic of the 1950 egret strain and the 
Borg strain was their ability to cause 
severe infection and death by any 
route of inoculation in mice and guinea 
pigs, some comparisons were made of 
the virulence of the various strains in 
our possession. Serial tenfold dilutions 
were made in saline and were inocu- 
lated by the intracerebral, intraperi- 
toneal, intramuscular, and subcutaneous 
routes into mice. The results of the 
mouse titration are presented in table 
2, where the logarithm of the reciprocal 
of the dilution calculated to be one LDw 
according to the Reed and Muench 
formula* gives some indication of the 
relative infectiousness of a strain by a 
given route. 

It can be readily seen that the 1950 
and 1951 egret strains and the Borg 
strain are similar in their ability to in- 
fect mice by all routes, while the 6 BC 
strain failed to cause any sickness or 
death in this test when inoculated by 
the intramuscular and subcutaneous 
routes. Many of the mice inoculated by 
these routes with the egret and Borg 
strains exhibited signs of weakness and 
roughness but did not die in the 20-day 
period of observation. The sporadic 
nature of the deaths following intra- 
muscular and subcutaneous inoculation 
make them unsuitable for calculating 
the LDs5o, but this was done anyhow to 
present a rough index of infectivity. 
Elementary bodies could be demon- 


4. Reed, J. and Muench, H. 1938, Am. J. Hyg. 
27: 493-497. 


TABLE 2.—Virulence for mice by various 
routes of inoculation. 





Route of inoculation 





= 
Virus Intra- Intra- Intra- 
cerebral peritoneal muscular 


Subcu- 
taneous 





6 BC a . ¥ No deaths No deaths 
Borg S. S.3 4.0 
Egret 1950 (A) : ; 2.8 
Egret 1950 (B) ‘ a 4.0 
Egret 1951 ; x 3.6 


* Expressed as the logarithm of the reciprocal of that dilu- 
tion of tissue calculated to be one LDso according to the 
method of Reed and Muench. 


strated in the livers and spleens of mice 
dying after peripheral inoculation. 

Guinea pigs.—A sharp rise in tem- 
perature was invariably noted in guinea 
pigs inoculated with the egret or Borg 
strains by the intraperitoneal route, and 
death usually followed in 6 to 8 days. 
Intracerebral inoculation of these strains 
was rapidly fatal. The standard 6 BC 
strain, although causing a brief rise in 
temperature after intraperitoneal in- 
oculation, only rarely caused the death 
of a guinea pig. Meyer and Eddie have 
corroborated this finding.’ 

The similarity of the pathogenicity of 
the egret and Borg strains for mice and 
guinea pigs is the strongest evidence ob- 
tainable at present for the hypothesis 
that these are the same agents or very 
closely related ones. 


Toxins 


Association of a toxin with various 
members of the _psittacosis-lympho- 
granuloma venereum group was first 
reported by Rake and Jones,’ and these 
findings were expanded by Manire and 
Meyer.® It was considered of interest to 
establish the presence of such a com- 
ponent with the egret virus, and to in- 
vestigate its relationship to other viruses 
in the group which had already been 
studied. 


5. Rake, G. and Jones, A. P. 1944, J. Exper. Med. 
79: 483-486. 

6. Manire, H. P. and Meyer, K. F. 1950, J. 
Infect. Dis. 86: 226-232. 
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To titer the toxic activity of the egret 
strains, twofold dilutions from 1:10 
through 1:160 were made in a 0.1 M 
phosphate buffer containing 0.2% gela- 
tin, and 0.5 cc was inoculated into the 
tail veins of groups of five and six mice. 
Mice dying 40 hours or earlier following 
intravenous inoculation were scored as 
toxic deaths, and those dying later were 
arbitrarily classified as deaths due to in- 
fection. 

Most of the animals inoculated with 
dilutions ranging from 1:10 to 1:40 died 
within 40 hours when either the 1950 or 
1951 egret strains were used. The 1:80 
dilution sometimes caused no deaths 
within 40 hours, but more often resulted 
in quick death in from 1 to 5 mice in 
the inoculated group of 5. This variation 
was due in part to the variation in size 
of the mice, and also in freshness of the 
material used, the toxin being highly 
labile. 

Those mice which survived the 40- 
hour period began to exhibit symptoms 
of infection early thereafter and all died 
within 5 days. Thus, a two-phase death 
curve for toxic and infectious deaths, 
respectively, was demonstrated, which 
was similar to that noted by Manire 
and Meyer® for the Louisiana pneu- 
monitis (Borg) and Illinois meningo- 
pneumonitis viruses. Table 3 illustrates 
the two-phase nature of the deaths, and 


suggests a relationship to other strains 
known to exhibit such a pattern.’ It 
might be noted, however, that the peak 
observed for both toxic and infectious 
deaths occurrgd 10 to 20 hours later 
than that previously reported for Louisi- 
ana pneumonitis (Borg) virus. It is 
obvious, though, that the interval be- 
tween intravenous inoculation and 
death is a function of the concentration 
of unaltered toxin, which is highly 
labile, and of the size of the animals in- 
oculated. Therefore, differences of a few 
hours in incubation period reported on 
different preparations of a single virus 
in different laboratories are to be ex- 
pected. 


Toxin and intranasal infectivity 
neutralization tests 


In further attempts to unequivocally 
establish the relationship of the egret 
strains to the Borg strain and to other 
members of the psittacosis-lymphogran- 
uloma group, the toxin neutralization 
test, as modified by Manire and Meyer,’ 
and the intranasal neutralization test of 
Hilleman® were applied with the four 
strains available to us. 


7. Manire, G. P. and Meyer, K. F. 1950, J. 
Infect. Dis. 86: 241-250. 

8. Hilleman, M. R. 1945, J. Infect. Dis. 76: 96- 
114. 


TABLE 3.—Toxins associated with the egret viruses deaths in mice following intravenous inoculation. 


Toxic 


Total death 


Death associated with viral multiplication 


Survived 





inoculation 40 hours* 
rs 


60 hours 


to 120 


80 hours 100 hours 120 hours hours 





1950 egret strain 
1:10 


1:20 
1:40 
1:80 
1:160 


wWonoon 








1951 egret strain 
1:10 


1:20 
1:40 
1:80 
1:160 








* Death occurring before 40 hours is here considered a toxic death. Later deaths attributed to the effects of viral multi- 


plication. 
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The results of one toxin neutralization 
are shown in table 4. 

It was not possible to differentiate be- 
tween available strains using either test, 
although it was evident that neutraliza- 
tion of the toxins and zi el infectivity 
of the viruses by the intranasal route 
could be obtained with antiserums to 
any one of the four strains, as shown in 


table 4. 


Serum survey of Louisiana birds 


Available in the laboratory were a 
number of serums which had been col- 
lected from wild birds in the Louisiana 
swamps at the same time that the 1950 
egret strain was obtained. To obtain a 
quantity sufficient for complement fixa- 
tion, the serums had to be diluted four- 
and eightfold. Of the 24 American 
egrets, 20 snowy egrets, 8 brown peli- 
cans, 5 Louisiana herons, 3 little blue 
herons, 2 anhinga, and 2 boat-tailed 
grackles tested by direct and indirect 
techniques, not one proved positive. 
One can conclude either that the virus 
was not widely prevalent in these spe- 
cies in 1950, or, more likely, that the 
antibody response was of such a low 
level as to be undetectable when these 
serums were diluted four- to eightfold, 
since low antibody titers are common in 
birds infected with 
group.?:!° 


viruses of this 


Antibiotic sensitivity 


Most of the psittacosis strains of hu- 
man and psittacine bird origin have 
been found to be unaffected by the 
action of sulfadiazine, whereas many of 
the strains from other sources are sus- 
ceptible to its action and are considered 
to be part of the ornithosis or pigeon 
group.® It was therefore decided to com- 

9. Davis, D. 1947, Pub. Health Rep. 62: 1484 
1488. 


10. Davis, D. 1950, J. Am. Vet. M. A. 116: 220 
pes A 
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TABLE 4.—Effect of antiserums on mortality 
due to egret virus toxin. 


Antiserums 








Challenge 


toxin —_ Control 


(saline) 


Anti 
6 BC 


Anti- 
Borg 





*0/6 : 


1950 Egret 


1/6 


* Numerator =number of toxic deaths, denominator 


=number of mice inoculated. 


pare the effectiveness of this drug on in- 
fection with the Borg strain and on the 
newly isolated agents in chick embryos. 
Also included was a comparative titra- 
tion of the inhibitory effect of penicillin, 
aureomycin, and terramycin on these 
agents, with the double intent of finding 
an effective therapeutic agent and of 
studying any differences or similarities 
which might throw some light on the 
relationship of the Borg and egret 
strains. Yoik sac suspensions of each 
virus were diluted to 10~ in saline, the 
dilution estimated to contain 100 to 
1000 egg LDso. The antibiotic, in 
amounts designated in table 5, and the 
diluted virus were inoculated simul- 
taneously into the yolk sacs of 7-day- 
old chick embryos. These were examined 
daily, and the day of death recorded. 
Those dying before the third day were 
listed as nonspecific deaths. In some 
cases, a number of the embryos which 
received aureomycin or terramycin sur- 
vived, and no average day of death 
could be determined for the entire 
group of embryos; in these cases, the 
average day of death is noted for those 
which died, and reference is made in the 
footnote to the number of survivors. 
Sulfadiazine exerted little, if any, 
effect on the course of infection with 
any of the agents studied, indicating 
that they were truly “classical” strains 
of psittacosis.* Penicillin prolonged the 
incubation period from 2.3 to 4.0 days, 
depending on the dosage used. Aureo- 
mycin and terramycin were the most 
effective antibiotics against the egret 
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TABLE 5.—Inhibitory effect of antibiotics in viral infections in chick embryos. 


leone > + saps 
Virus ae ae I enicillin 
1.0 mg 


Control 
(saline) 


Borg 
Egret 1950 
Egret 1951 


7 
6 
0 


3. 
4. 
2. 


4.6 
5.0 
5.0 


* A simple average of the number of days elapsing betwee 
lation. 
t 6 of 10 survived. 
t 6 of 12 survived. 
9 of 12 survived 
§ 6 of 11 survived. 


viruses, the latter being particularly 
effective in completely sparing a high 
percentage of the embryos. Superiority 
of either to penicillin was not evident in 
tests with the Borg virus. In this con- 
nection it might be noted that the con- 
centration of the Borg virus used was 
probably greater than that of the other 
viruses, as evidenced by a shorter in- 
cubation period among the controls. 
This difference noted between the Borg 
and egret strains may be attributable to 
the apparently greater concentration of 
the Borg virus used or to a deficiency 
in the reliability of the test, since only 
one trial was conducted; or it may actu- 
ally be a reflection of a real difference 
between the strains. 


DISCUSSION 


The possibility that the epizootic re- 
ported here originated from a laboratory 
infection cannot be entirely eliminated. 
However, every precaution was taken 
to minimize the danger of such an oc- 
currence. This fact, taken together with 
the observation that the 1950 strain was 
obtained from apparently healthy young 
egrets in their native habitat, lends 
weight to the thesis that one or more of 
the birds was already harboring a sub- 
clinical infection upon arrival at the 
laboratory. The radical change in living 
conditions from those encountered in 
their natural surroundings to those in- 
herent in cage life at the laboratory 
could easily have disturbed the host- 


Average day of death* 


250 units 1000 units 


Aureomycin Terramycin 


0.25 mg 0.25 mg 1.0 mg 


‘ 


11.0)! 
No deaths 


4.6 
9.0 
9.8 


6 S23 .8 
Py 11.5 
.0 No deaths 


n inoculation and death, disregarding survivors from the calcu- 


virus relationship in the birds and could 
have triggered the latent virus to an 
overt infection. According to Meyer, 
“latent, inapparent infections represent 
the corner-stone of the entire psittacosis 
and ornithosis problem.’""! 

The recovery of a virus of the psitta- 
cosis-lymphogranuloma venereum group 
from wild egrets from southeastern 
Louisiana for two successive years may 
be a fact of considerable public health 
significance. This agent, in its virulence 
for certain hosts by various routes, high 
toxicity, spectrum of sensitivity to anti- 
biotic, and the general geographic locale 
of origin, seems similar to, if not identi- 
cal with, the agent which was responsi- 
ble for a severe epidemic of human 
pneumonitis reported in the same gen- 
eral area in 1943.3 While it is true that 
in the aforementioned epidemic all cases 
subsequent to the first one could be 
ascribed to contact with infected 
person, the source of infection in the 
first case remained unknown. This origi- 
nal case occurred in the wife of a trap- 
per, living in a bayou region with an 
abundant bird population. Many species 
of birds, including the legally protected 
egrets, are shot and eaten by the local 
population, and such intimate contact 
could easily have led to the transmission 
of the organism. 

There have been recorded in- 
stances since 1943 of severe human in- 


an 


no 


11. Meyer, K. F. 1942, Medicine, 21: 175-206. 
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fections in this area, similar to those 
occurring during the epidemic. How can 
this be explained, in view of the fact 
that a virus very similar to, if not identi- 
cal with, that responsible for the epi- 
demic demonstrated to be 
currently present in the bird population 
of that vicinity? One possibility is that 
the widespread practice of giving “‘pro- 
phylactic” inoculations of penicillin and 
the newer antibiotics early in the course 


has been 


of febrile respiratory disease may have 
masked some of the cases. Another is 
that a mutant or recombinant of this 
virus with particular virulence for man 
was responsible for the 1943 series of 
cases, and the egret virus, in its present 
form, is not capable of causing a similar 
reaction unless a similar variation oc- 
curs. Considering the extreme toxicity 
of the egret virus for experimental ani- 
mals reported here, however, one would 
expect at least some degree of patho- 
genicity for humans.” The possibility 
that this virus is currently responsible 
for milder atypical pneumonias of ob- 
scure origin in this region cannot and 
should not be ignored. 


The current role of the egret virus, if 


12. Meyer, K. F. Personal communication. 


it has such a role, in causing respiratory 
disease of unknown etiology among 
people in contact with wild wading 
birds can be determined only by serum 
surveys of the local populations in these 
areas, and by increased efforts to deter- 
mine the causative agent or agents in 
the obscure respiratory disease occur- 
ring there. 


SUMMARY 


A highly fatal epizootic is reported in 
wild American and snowy egrets cap- 
tured in southern Louisiana and kept in 
the laboratory. A virus of the psitta- 
cosis-lymphogranuloma venereum group 
was isolated from eight of the birds, and 
it proved to be identical in all its charac- 
teristics to an agent isolated a year 
before from two snowy egrets bled in 
their native habitat. This agent also 
proved to be indistinguishable from 
that of Louisiana pneumonitis (Borg), 
which originated in a severe human 
epidemic in southern Louisiana in 1943. 
The possibility is pointed out that a po- 
tential public health menace exists in 
areas which serve as the natural habi- 
tats of egrets and, perhaps, of other 
species of wading birds. 





STUDIES ON THE EXPERIMENTAL EPIDEMIOLOGY 
OF RESPIRATORY INFECTIONS 


VI. THE RELATIONSHIP BETWEEN DOSE OF MICROORGANISMS AND 
SUBSEQUENT INFECTION OR DEATH OF A HOST 


L. J. GOLDBERG, H. M. S. WATKINS, M. S. DOLMATZ, 
AND N. A. SCHLAMM 


From the Department of Bacteriology, University of California, Berkeley, California 


Primary pneumonic infection may be 
produced in animals exposed to an 
aerosol of a suitable pathogen. It is 
logical to assume that the numbers of 
organisms inhaled per unit of time, and 
the duration of such an exposure, would 
influence the number of animals so 
affected. This in turn may be expressed 
in a mathematical relationship using the 
variables, dosage and mortality. 

It is our object to present such a 
nathematical formulation, based on a 
physical model, relating dosage to mor- 


tality. In order to ascertain the validity 
of this formulation, a series of experi- 
ments was designed to obtain the rela- 
tionship between magnitude of dose of 
a respiratory pathogen and subsequent 
mortality. 


When an arbitrary exposure period of 
20 minutes was selected for challenging 
test groups of Namru strain of albino 
mice (Garber and Hauth, 1950) with 
various respiratory dosages obtained by 
altering the concentration of the organ- 
isms in the suspension to be atomized, 
the observed mortalities roughly paral- 
leled the aerosol concentrations. This in- 
dicates that a definable relationship 
may be demonstrated between dosage 
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and mortality. The response of the host 
when the same number of organisms is 
given in a different time pattern was 
also explored to determine the applica- 
bility of a given survival relationship. 
Klebsiella pneumoniae, Streptococcus zo- 
epidemicus, Pasteurella pestis, and the 
Cal-ten strain of meningopneumonitis 
virus were studied, using albino mice as 
the test host. Application of the mathe- 
matical relationship to other organisms 
appearing to date in the published 
literature was made in an attempt to 
establish universality. 


MATHEMATICAL CONSIDERATIONS 


To obtain the critical data upon 
which a generalized formulation could 
be constructed, certain basic assump- 
tions relating dosage, mortality, and 
exposure were made. 

First, it was assumed that a single in- 
haled bacterial cell, if conditions were 
favorable, would result in an infection 
or death of the host. Second, it was as- 
sumed that death of an animal following 
inhalation of a single cell would occur 
with a measurable probability, i.e., the 
probability of this one cell reaching an 
environment favorable for its multipli- 
cation to the point where disease and 
subsequent death would occur. Third, 
it was assumed that organisms were in- 
haled in discrete particles slightly larger 
than the bacterial cell, no particle con- 
taining more than one infective unit. 
Fourth, it was assumed that each cell, 
when more than one was inhaled, would 
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behave independently of other cells in 
its pathogenic potential. To illustrate, 
if a mouse’s chance of survival following 
inhalation of a single pathogenic cell 
were 0.99985, then its chance of sur- 
viving a multiple inhaied dosage of 
organisms would be (0.99985)". 

This relationship can be restated in 
terms of symbols: Let Sa be the proba- 
bility of survival following a dose of d 
organisms. Let S, be the probability of 
survival following a dose of 1 organism. 
In symbols, this relationship can be 
expressed : 


Sa=(S;)4 1(a) 


Now let d assume an experimental 
value, do, and let Sz, also be observed 
experimentally. We have: 


Sa, = (S1)% 1(b) 
We have, however, 
(Sa)!/4=S,=(Sa,)*/29, 
(Sa) '/4= (Sa,)!/%9, 
or 
Sa= (Sa,)4/4 1(c) 


This form allows one to compute di- 
rectly any Sa from an observed Su, 
which resulted from the dose dp. 

If one wishes to re-express equation 
1(c) in terms of mortality rather than 
survival, we have: 


(1—M,)=(1—M,,)*/*" (equation 1) 


It is to be noted that neither the num- 
ber of viable cells inhaled per unit time 
nor the time pattern nor period of ex- 
posure are involved directly in the above 
assumptions. This particular point was 
tested experimentally. 

However, if the possibility of im- 
munity is considered, then the period of 
exposure must be included for consider- 
ation. This follows from the observation 
that an immune response occurs in the 
host after a period of time following a 


given exposure. Hence, there is a defi- 
nite chance of an animal receiving an 
early immunizing nonlethal infection 
which would afford protection against 
future exposure, thus altering the effec- 
tiveness of multiple dosage, or otherwise 
varying the response. Such a situation 
actually occurred with K. pneumoniae 
after 6 to 8 weeks of daily low-grade 
exposures, but no alteration in response 
was noted during the first month. 

Since it is advantageous to be able to 
present the above relationship (equation 
1) graphically as a straight line, a 
special coordinate paper called the 
“Linearized Mortality Grid’? (LMG) 
has been developed (fig. 1). 

Starting with equation 1, 


(1— Ma) =(1—Ma,)4!, 
and taking the log log of both sides, we 
obtain: 
log log (1— M4) =log log [(1—Ma,)4/%], 
g [d/do log (1—Ma,) |, 
=log d+ [log log (1— Mu,) 
—log do}. 


=z | 


7 


Now let 
X =log log (1— M,) 
Y =log d 
C=log log (1— Mz,) —log do 


We have: X=Y+C, which is the 
equation of a straight line with unit 
slope. 

If the abscissa is measured in units of 
log log (1-Ma) and the ordinate in units 
of log d, a graph of equation 1 on such 


a coordinate grid will appear as a 


straight line. For convenience, the co- 
ordinates are labelled in terms of mor- 
tality and dosage, since these are the 
quantities of direct observation. 

The scale of log d was chosen in pref- 
erence to a linear dosage scale so that 
one could conveniently represent a wide 
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range of dosage values with equal ac- 
curacy on all portions.of the scale. 

If one arbitrarily selects values for 
Ma, for a given dy and plots the relation- 
ship given by equation 1 on the LMG,a 
member of the infinite family of curves 
which satisfies equation 1 is generated. 
Reference diagonal lines generated in 
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Fic. 1.—Linearized mortality grid used for 
relating infective or lethal responses with chal- 
lenging dose, showing expected slope for homog- 
eneous response. 


such a fashion are given on the LMG to 
act as plotting guides. 

To test these implications experimen- 
tally, two modes of host exposure to 
aerosols were used: (1) a total single 
exposure period of less than 1 hour, pro- 
ducing mortalities over a range of 0 to 
100%; changes in total dosage were 
affected by changes in rate of exposure 
during the test period; (2) a 40-minute 
exposure, resulting in a nominal inhaled 
dosage of 70 organisms per mouse, re- 
peated daily for as long as 7 weeks; in 
this case, the daily average mortality 
should be consistent with the mortality 


expected inhalation 


organisms. 


following 


METHODS 
A. K. pneumoniae 


A suspension of organisms of K. pneumoniae 
for atomization and serial passage was prepared 
daily as follows: Nine mice were each inoculated 
intranasally with 0.05 ml of a suspension of the 
organism grown in tryptose-phosphate-infusion 
broth (TPI). The inoculum contained approxi- 
mately 1X10? organisms. Within 24 hours most 
of the mice were dead. Lungs and hearts from 6 
dead mice were removed aseptically and ground 
in a mortar with the addition of 9 ml of sterile 
Alundum grinding compound. Eighteen ml of 
TPI were then added to the mortar and mixed 
thoroughly. After settling of the larger particles, 
the supernate was pipetted to a sterile test tube. 
At this point, a 5% horse-blood agar plate was 
streaked and incubated 24 hours as a purity 
check. The test tube was then placed in a refrig- 
erator, precautions being taken to keep it vertical 
so that settling material reached the bottom and 
did not adhere to the walls. Approximately 16 
hours later 9 ml of the supernate were placed in a 
small flask and agitated 10 to 20 times by a 10 ml 
pipette to ensure disaggregation of the organisms. 
The suspension was then diluted with fresh TPI 
to the bacterial concentration desired for a given 
exposure. In the case of the daily exposures, the 
suspension was diluted to 1/100 with TPI. To 
expose the animals, 100 ml of this cell suspension 
(1 to 4X10? viable cells/ml) were atomized for a 
period of 40 minutes. 

Exposure groups of approximately 200 mice 
each (initially 8 to 12 weeks old) were held in 
units of 15 to 16 mice per cage. The groups were 
exposed serially as follows: Occupants of a given 
cage were always distributed among the same 4 
subdivision cells of a channel (fig. 2) in order to 
evaluate the possible effect of exposure position. 
Since the drop in bacterial viability was observed 
to be less than 10% at the distal end of the chan- 
nel, it was not necessary to correct the observed 
mortality for this factor. 

The aerosol was generated by using a Wells- 
type atomizer operated at 8} p.s.i (Leif and 
Krueger, 1950): A total of 6 cubic feet per minute 
of filtered room air was mixed with the atomizer 
output and then divided into flows of 1 cubic foot 
per minute per exposure channel. A 15-minute 
minimum air-wash time was interposed between 
the exposure period and unloading, 5 minutes 
having proved adequate to reduce the cage 
aerosol concentration to less than 1 organism per 
cubic foot of contained air. 
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The cloud concentration was determined by 
means of an air slit sampler (Goldberg and 
Schechmeister, 1951) operated at a collection rate 
of 4.2 liters per minute, using both nutrient and 
blood agar plates. A “photoelectric aerosol-con- 
centration monitor’’* was introduced into the 
system to indicate possible changes in atomizer 
output during an exposure period. 

Mice dying during the experiment were au- 
topsied; a streak from lung tissue was made on 
5% horse-blood agar plates. The typical pearly- 
appearing mucoid colonies which trailed strands 
of material and stained as gram-negative cap- 
sulated rods were considered to be K. pneu- 
moniae. The dead mice were removed from the 
cages during several inspections, made over a 24- 
hour period, in order to minimize cannibalism. 
There were no significant differences, however, in 
mortality between cages where cannibalism had 
or had not occurred. 


B. Str. zooepidemicus 


The preparation of Str. zooepidemicus suspen- 
sions proceeded along somewhat different lines: 
The organism was not maintained by animal pas- 
sage but was taken as needed from 3% cow-blood 
agar slants. Three such slants were each washed 
with 2.5 ml TPI, the washings then being inocu- 
lated into flasks containing 50 ml TPI and 2.5 ml 
cow serum. These flasks were then incubated at 
37 C for 8 hours. A second passage was then made 
by transfering 5 ml to each of another set of 
flasks of the same medium. The first flasks were 
checked for purity of culture. The second set of 
flasks was incubated at 37 C for 16 hours. At 
this time the viable assay was 5X10 to 110° 
organisms per ml. The three flasks were then 
pooled, refrigerated and used within one week. 
For use, the culture was diluted with fresh TPI 
containing 5% cow serum to a bacterial concen- 
tration desired for a given exposure. In the case 
of the daily exposures, 6 ml of this pooled culture 
were diluted to 150 ml with refrigerated TPI and 
5 ml cow serum and this further diluted tenfold 
in Sorenson’s phosphate buffer solution, pH 7.0, 
when used for atomization. 

In an experiment using Str. zooepidemicus, 509 
mice were employed. The mice were subdivided 
by age into classes of 5 to 6 weeks, 6 to 7 weeks, 
7 to 8 weeks, 8 to 9 weeks, and approximately 32 
weeks. Four replicate groups were formed, using 
32 mice each from the first three age classes and 
16 mice each from the latter two. These four 
groups were exposed daily, 6 times per week, for 


*A modified Tyndall meter, using a 931-A 
photocell. 


a period of 5 weeks. Three percent cow-blood 
agar plates were used as the collection medium 
for cloud sampling. All mice dying during and 
for 2 weeks subsequent to the exposure period 
were autopsied, and lung cultures were made to 
demonstrate the presence of the organism. No 
nonspecific deaths occurred. 

In parallel experiments using Str. zooepidem- 
icus, 6 groups of 32 mice each were given single 
doses of the organism in either a 6-hour or 15- 
minute period. Fivefold dilutions of the suspen- 
sion were made to result in a nominal 15,000, 
3000, and 600 organisms inhaled per group for 
each of the dose-exposure times. The air was 
sampled either by means of the slit sampler or 
by a capillary impinger (Leif and Krueger, 1950) 
in order to evaluate the inhaled dose per mouse 
during the exposure. 


C. Past. pestis 


The preparation of Past. pestis followed a pro- 
cedure similar to that used for Str. zooepidemicus, 
with the following points of difference: The cul- 
ture medium was HIB (heart infusion broth, 
Difco), each of the two passages was for 24 hours, 
and the stock slants were made using horse-blood 
agar. Routine plate counts were done on 0.5% 
horse-blood agar plates. The exposure technique 
and equipment used have been described by 
Leif and Krueger (1950). 


D. Cal-ten strain of meningopneumonitis virus 


Meningopneumonitis virus, originally obtained 
from the Virus Research Laboratories, California 
State Department of Health, was maintained by 
passage in the allantoic cavity of embryonated 
eggs and in lungs of mice infected intranasally 
(Elberg et al, 1948). Infected allantoic fluid, and 
later nutrient broth suspensions of infected mouse 
lungs, were used as spray suspensions to produce 
viral aerosols. Exposure time was 20 minutes by 
the techniques described above. 

Assay of clouds, taken in capillary impingers 
charged with nutrient broth, was carried out by 
the intracerebral inoculation of mice, 6 mice each 
receiving 0.03 ml of the appropriate dilution of 
impinger fluid. 

Concentration of virus in this impinger fluid 
was then expressed as that volume of the original 
fluid which gave a computed 50% kill in the ani- 
mals used for titration. 


RESULTS 


The results of a series of experiments 
of the 4 pathogens cited, involving 
single exposure times of 1 hour or less, 
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Fic. 3.—The dosage-mortality relationship for 
albino mice (Namru strain) infected with Past. 
pestis by the respiratory route, when exposure 
time was less than 1 hour, in groups of 10 to 16 
animals. 


are given in figures 3, 4, 5, and 6. In 


addition, figure 5 gives data for a 6-hour 
exposure. It is seen that the plot of the 


data on the LMG results in an accept- 
able fit. 


It should be noted that an arrow on 
the graph indicates that either 0 or 
100% response resulted from a given 
test dose. The arrow is placed at a point 
on the graph corresponding to the initial 
group size and pointed in the direction 
of the indicated response. For example, 
when 0 or 100% response is observed, 
where 10 animals were exposed, arrows 
are placed at the 10 and 90% ordinates 
(fig. 3); however, when groups of 32 
animals are exposed, arrows are placed 
at the 3 and 97% ordinates, respectively 
(fig. 5). 

The results from experiments with 
Str. zooepidemicus and K. pneumoniae 
involving 40-minute daily exposures, 
using an average daily inhaled dose of 
60 to 70 viable organisms per 20-g 
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Fic. 4.—The dosage-mortality relationship for 
albino mice (Namru strain) infected with K. 
pneumoniae by the respiratory route, where ex- 
posure time was less than 1 hour, in groups of 288 
animals. 
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NOTE. AN ARROW DESIGNATES O PER CENT MORTALITY 
Fic. 5.—The dosage-mortality relationship for 
albino mice (Namru strain) infected with Str. 
zooepidemicus by the respiratory route, where 
exposure times were 15 minutes and 6 hours, in 
groups of 32 animals. 
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Fic. 6.—The dosage-mortality relationship for 
albino mice (Namru strain) infected with the 
meningopneumonitis virus, Cal-ten strain, by the 
respiratory route, where exposure time was less 
than 1 hour, in groups of 10 to 16 animals, 
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Fic. 7.—The cumulative dosage-mortality 
relationship for albino mice (Namru strain) in- 
fected with Str. zooepidemicus by the respiratory 
route, using a 40-minute exposure, repeated daily 
for a period of 1 month, in a group of 192 animals. 


mouse, are given in figures 7 and 8. 
Comparison of figure 5, which describes 
data obtained from a single heavy chal- 
lenge, with figure 7, giving deaths from 
the same cumulative dose over a 30-day 
exposure, shows that the total mortality 
in either case is identical. 
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Fic. 8.—The cumulative dosage-mortality rela- 
tilnship for albino mice (Namru strain) infected 
with K. pneumoniae (type A) by the respiratory 
route, using a 40-minute exposure, repeated daily 
for a period of 1 month, in a group of 240 ani- 
mals. 


A comparison of the results obtained 
with K. pneumoniae, Str. zooepidemicus 
and Past. pestis indicates complete 
agreement on the LREgo* values of 4 to 
5X 10* organisms inhaled, regardless of 
bacterial species. This is equivalent to 
an expected mortality of 0.00015 per 
inhaled organism. It is to be noted, 
however, that the value obtained from 
the virus data is 1X10‘ as measured in 
ICs9 units and is not directly compara- 
ble to bacterial assay. 

Data on age-mortality results, using 


* The numbers of inhaled organisms causing 
the death of 50% of the exposed animals. 











16 GOLDBERG, WATKINS, DOLMATZ, AND SCHLAMM 


Str. zooepidemicus, showed no signifi- 
cant differences in observed mortality 
when the mice of various age groups 
were exposed daily to the same aerosol. 

These quantitative data demonstrate 
that a definable relationship exists be- 
tween dosage, mortality and exposure 
time. In particular, they indicate that 
the mortality can be related to dosage 
(equation 1) when the total exposure 
period is short enough to preclude the 
development of an appreciable immu- 
nity. Mortality, as given by this equa- 
tion, is expressed in terms of dosage 
alone, and hence is not a function of rate 
or time of exposure. Results observed, 
however, from exposures extending over 
a period longer than one month, have 
shown that the time period and rate of 
exposure become important. This is 
presumed to coincide with appearance 
of an immune response several weeks 
after an exposure takes place. Studies 
are now under way to modify this 
mathematical expression to include the 
effect of an immune response. 


DISCUSSION 

It is possible to draw the inference 
from the dosage-mortality relationship 
we have described that a single inhaled 
organism will result in a small, but 
measurable, probability of death. Tak- 
ing equation 1 and an LRE¢o value of 
4600 organisms and solving for M,, 
when d,)=1, we have: 


1—M,=0.5= (1— My) 46x10" 
1— M,=0.99985, 


M,=0.00015. (equation 2) 


To observe such an effect directly one 
would have to expose a minimum of 
6700 mice, so that each one received a 
minimal or unit-inhaled dose. Although 
it has not been found possible to carry 
the results out to this limit, data have 
been presented for an inhaled dose of 70 


organisms per mouse, and the results 
were found consistent with the value 
expected from equation 1. It should be 
noted that the retained lung dose was 
only 7 organisms (Goldberg, 1950) and 
consequently approached the theoretical 
limit of unity. This result indicates that 
a so-called ‘‘minimum lethal dose,’’ or 
dose below which no mortality is evi- 
denced, is, in all probability, one bac- 
terial cell. 

If an animal inhales 1000 organisms, 
the mortality expectancy computed, using 
equation 1, is 14% where Mz, is assumed 
to be 0.00015. If one multiplies the ex- 
pected mortality per inhaled organism 
by 1000, one obtains 15%, as compared 
to the computed 14%. Allowing this 
approximation, one is led to an interest- 
ing concept which may be applied when 
a detailed knowledge of the distribution 
of inhaled dosage is lacking, as would 
probably be the case in studies in the 
air-borne infections in experimental 
herds: Let the reciprocal of 0.00015, 
which is the probable mortality ex- 
pected per single inhaled cell, be desig- 
nated as a lethal unit, L,., where x can 
be used as the pathogen designation. 

In this example, if no animal receives 
a dosage greater than 1000 organisms, 
or a dosage which would result in an 
expected mortality of no greater than 
14%, then the number of deaths ex- 
pected in a large group of animals which 
inhales a total of N organisms is N 
divided by L,. In other words, the num- 
ber of lethal units inhaled by the group 
as a whole is equal to the expected 
number of deaths. This data can be used 
to determine the constants involved in 
equation 1, since one need only to 
determine: 

1. Total dose inhaled by the exposed 


group. 

2. Percent mortality in the exposed 
group. 

3. That the maximum _ inhaled 
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risk is within al- 

e., mortality ex- 

pectancy of less than 15% would 
result from any inhaled dosage. 

The entire dose-mortality relation- 

ship may be determined from the above 

data. Conversely, if the dose-mortality 


dose/animal at 
lowed limits, i. 


relationship is known for a given patho- 
gen, and if a group of animals is ex- 
posed, the percent mortality which oc- 
curs allows an estimate to be made of 
the number of L, units that are present 
in the total inspired air. 

Desiring to determine how the data of 
other investigators would fit the LMG 
or equation 1, we turned to the herd 
studies of Webster at the Rockefeller 
Institute (Webster, 1928). In this work 
he used Rockefeller Institute (RI) and 
the Lathrop strain of mice for epidemio- 
logical studies involving herds of mice, 
with several members of the herd ini- 
tially infected with K. pneumoniae. (It 
is to be noted that this strain of the 
organism could not be typed with the 
usual typing serums.) Additions to the 
herd under study were made daily, 
using previously uninfected, or nomi- 
nally clean, mice. In the series of experi- 
ments in which RI mice were used ex- 
clusively, the epidemic outbreaks would 
occur for a period but would eventually 
damp out. If the Lathrop strain of mice 
was introduced, the damping would no 
longer be observed and outbreaks of 
mortality reoccurred after a sufficient 
accumulation of susceptibles. 

Upon examination of a series of intra- 
nasal titrations which he reported using 
RI mice and his strain of K. pneumoniae 
(fig. 9), one sees that 10% of the ex- 
posed group survived regardless of the 
intranasal dosage involved. This ap- 
pears graphically as the vertical line at 
90% response. If this resistant fraction 
or subgroup were allowed to build up in 
a herd by the selective mortality which 
would occur, after a period of time it 
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Fic. 9.—The dosage-mortality relationship for 
the total tested population of Rockefeller mice, 
infected with K. pneumoniae (strain B) by the 
intranasal route (from data of Webster, 1928). 


would constitute such a large fraction 
of the test herd as to damp out any 
further outbreaks among the suscepti- 
bles. This effect could be eliminated or 
reduced by limiting cage life to a given 
arbitrary time, after which a given 
animal would be removed and replaced. 

To further test the applicability of 
the equation 


(1—M,)= (1 _ M,,)4 Ido 


we turned to the dose-mortality re- 
sponse of viruses in the chick embryo, 
as reported by Crawley (1948), using a 
strain of Eastern equine encephalomye- 
litis virus, by Bang (1948), using the 
Newcastle virus, and by von Magnus 
(1951), with influenza A _ virus. 
Crawley’s data comparing two routes of 
inoculation and the effect of incubation 
temperatures were tested on the LMG. 
Figure 10 is a composite plot of these 
data to demonstrate the applicability of 
the LMG. A comparison of the LDso 
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Fic. 10.—The dosage-mortality relationship 
for embryonated eggs infected with Eastern 
equine encephalomyelitis virus, using 10 embry- 
onated eggs per test dilution (from data of Craw- 
ley, 1938). 


values we obtained with those reported 
by Crawley show no real differences ex- 
cept in the rare cases in which the data 
itself was quite erratic. In these few 
cases we believe a better estimate of the 
LDso value is possible by our technique, 
since the slope of the line of fit is as- 
signed a priori. Comparison with the 
theoretical distribution expected from 
the use of 10 eggs per dilution indicates 
good agreement and gives further 
weight to the use of the LMG in this 
host-agent response. 

Since log-probability paper was used 
by Crawley, it is of interest to plot equa- 
tion 1 on such a grid, using a selected 
value of Ma, (fig. 11). The change of 
slope from 2 to 4, with a mid-range 
value of 3, is to be noted over a 5 to 
95% mortality range. This change in 
slope will account in part for the varia- 
tion obtained when a straight line fit on 
a probit grid is attempted, as was done 
in the above article by this author. 

The data of Bang (fig. 12) and of von 


Magnus (fig. 13 and 14) show that the 
relationship expressed by equation 1 is 
applicable to other viruses as well. It is 
interesting to note that the possibility 
of deriving this equation may be found 
in the former article. 

Similarly, an example may be cited 
showing the application of equation 1 to 
a spore form in another animal host; 
figure 15 gives data on Bacillus anthra- 
cis, using guinea pigs as the test host 
(Young, 1946). 

Another possibility is the comparison 
of two widely different routes of inocu- 
lation for a given microorganism. Figure 
16, in comparison with data shown in 
figure 2, indicates that we have derived 
the same relationship for Past. pestis 
administered to mice either via the 
respiratory route or subcutaneously. It 
should be noted that the LDs5o dose in 
these instances has changed from 4) 10? 
to 210° without alteration of the basic 
mathematical expression. 

Finally, since there is no theoretical 
reason to exclude the criteria of infec- 
tion rather than death, the data of 
Elberg and Henderson (1948) were 
examined. They obtained data corre- 
lating respiratory exposure of guinea 
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Fic. 11.—Plot of dose-mortality relationship 
given by equation 1 on a probit grid. 
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- . ° ° NOTE: AN ARROW DESIGNATES EITHER O OR 100 PER CENT RESPONSE 
Fic. 12.—Relationship between inoculated 


dose and mortality for Newcastle’s virus, using 


Fic. 14.—The dosage-infection relationship in 
10 embryonated eggs per test dilution. 


embryonated eggs for influenza A (PR8) virus, 
using 50 embryonated eggs per test dilution (from 


data of von Magnus, 1951). 
/ | 
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Fic. 13.—The dosage-infection relationship in 


Fic. 15.—The dosage-mortality relationship 
embryonated eggs for influenza A (PR8) virus, for guinea pigs infected with B. anthracis by the 
using 10 embryonated eggs per test dilution respiratory route, in groups of 20 animals (from 
(from data of von Magnus, 1951). data of Young, 1946). 
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| infection, as determined by autopsy per- 
formed 30 days after exposure, which 
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| Fic. 18.—The dosage-infection relationship for 


guinea pigs infected with Br. melitensis, by the 
respiratory route, in groups of 20 animals (from 
data of Elberg, 1948). 
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| © ditions. Three hosts were inoculated by 
0/0? | 8 4 methods in cumulative lethal dosages 
99/0 i administered in increments of less than 
| 1 hour or as long as 30 days. In all in- 
|. stances, the described mathematical re- 
| lationship of dosage to mortality, infec- 
| tion and time is applicable. We believe 
| this strongly suggests that equation 1 
SE a ee may be a fundamental expression gov- 
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SUMMARY 

Fic. 17.—The dosage-infection relationship for 
guinea pigs infected with Br. suis by the respira- : 5 
tory route, in groups of 20 animals (from data of lished between dosage and mortality 


A fundamental relationship is estab- 


Elberg, 1948). following respiratory exposure of a 
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group of mice to a pathogenic aerosol. 
Results obtained by two modes of ex- 
posure are described: (1) one short ex- 
posure period, 15 minutes to 1 hour, 
using an aerosol concentration giving a 
range from zero to total mortality; (2) 
daily 40-minute exposures continued up 
to 4 weeks, the total dosage giving a 
cumulative mortality of some 40%. 

The data obtained from these meth- 
ods produced an empirical relationship 
between dose and mortality which could 
be expressed mathematically without 
the necessity of introducing any varia- 
ble to account for rate of exposure. This 
expression is: (1—M,)=(1—M,,)%/%, 
where M, is the observed mortality for 
inhaled dose d. 

The following organisms have been 
studied, and give data fitting this equa- 
tion: Klebsiella pneumoniae, Strepto- 


coccus zooepidemicus, Pasteurella pestis, 
and meningopneumonitis virus. 


Studies on cumulative-dosage and 
cumulative-mortality allow the above 
expression to apply, provided the over- 
all time involved is not sufficiently long 
to permit an immune response to be- 
come a complicating factor. Periods 
under 30 days were satisfactory for K. 
pneumoniae infections in mice. 

Additional data have been cited from 
the literature to illlustrate the applica- 
bility of this expression to a variety of 
bacterial and viral pathogens adminis- 
tered by several routes to several hosts. 
It is suggested the expression may be 
fundamental to the description of a 
parasite interaction. 
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The definitive diagnosis of human 
histoplasmosis usually depends on the 
isolation of the etiologic agent Histo- 
plasma capsulatum. However, in mild 
cases, it is often not possible to isolate 
the organism from or to demonstrate it 
in blood, gastric washings, tissue biop- 
sies, sputum, or other available speci- 
mens. Accordingly, numerous methods 
have been employed in attempts to 
improve the chance of isolation of H. 
capsulatum from human patients. In 
addition, considerable research has been 
conducted on experimentally infected 
animals to determine the best methods 
for the demonstration of the etiologic 
agent. 

DeMonbreun (1934) and Parsons 
(1942) first demonstrated that mice 
could be infected by injection of mycel- 
ial or veastlike forms of the fungus. 
Subsequently, Tager and Liebow (1942) 
found that four mice 3 to 4 weeks of age, 
inoculated intraperitoneally with a my- 
celial suspension, succumbed to the in- 
fection 100 to 150 days later. Levy 
(1945) inoculated 145 6- to 8-week-old 
mice intravenously with a mixture of 
the yeastlike and mycelial forms of H. 
capsulatum grown for 7 days on blood 
agar. Subsequently, positive cultures 
were obtained from the livers and 
spleens of all the mice. The size of the 
inoculum and the nature of the medium 
used for isolation were not mentioned. 
Howell (1948) reported brain-heart in- 
fusion blood agar to be of value for 
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demonstration of the fungus in the 
spleens of guinea pigs infected intra- 
peritoneally ‘‘with graded doses”’ of the 
yeastlike phase. However, he did not 
correlate his cultural results with direct 
microscopic observation of the fungus 
in the tissues, nor did he mention the 
actual numbers of organisms used. 
Kotcher et al (1951) inoculated 42 white 
mice intraperitoneally with a_ saline 
suspension of ground elements of the 
mycelial phase, and showed (a) that 77. 
capsulatum could be recovered by cul- 
ture more readily than it could be iden- 
tified by direct microscopic examination 
of stained tissue impressions, (b) that 
brain-heart infusion blood agar and 
Sabouraud’s dextrose agar yielded the 
greatest number of positive cultures, 
and (c) that the highest percentage of 
isolations was obtained from spleens 
cultured on Sabouraud’s dextrose agar. 

None of the earlier investigators in- 
oculated laboratory animals with ac- 
curately determined numbers of yeast- 
like cells. Similarly, no experiments have 
been recorded in which nonfatal histo- 
plasmosis in small laboratory animals 
was studied with the use of serological 
and cultural methods. Accordingly, ex- 
periments were conducted to obtain in- 
formation on (a) the response of mice, 
hamsters, and guinea pigs to inoculation 
with graded doses of yeastlike cells, (b) 
the possible enhancing effect of mucin 
in producing detectable histoplasmo- 
sis, (c) the presence of antibodies in 
animals inoculated with small numbers 
of yeastlike cells, and (d) the relative 
efficiencies of cultural and serological 
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methods in the diagnosis of histoplas- 
mosis. 


MATERIALS AND METHODS 


The mice, hamsters, and guinea pigs were in- 
oculated intraperitoneally with yeastlike cells of 
H. capsulatum ($6515) grown for 48 hours at 37 C 
under constant rotation (Salvin, 1950). The medi- 
um consisted of: 

Difco casamino acids (technical) 

Dextrose 


10.0 g 
3.0¢ 
3.0¢g 
2.5¢g 
0.5¢g 
2.9¢ 
4.0¢ 

1000 ml 

The mice were all white Swiss males (Rocky 

Mountain Laboratory strain) 40 days old at the 
time of inoculation, whereas the hamsters* and 

guinea pigs were 30 to 40 days old and of both 

sexes, 


Yeast extract dialysate, equivalent of 
NaCl 

Cysteine HCI 

KCl 

Na2HPO, (anhydrous) 

Distilled water to make 


The mice, hamsters and guinea pigs were each 
divided into two groups, one to be inoculated 
intraperitoneally with yeastlike cells supended 
in saline, the other with cells suspended in 2.5% 
mucin (Salvin et al, 1952). The groups of mice 
were divided into three lots to be given 10, 100, 
or 1000 cells,t and the groups of hamsters and 
guinea pigs each into two lots to be given 10 or 
1000 cells. Except where indicated, groups of ani- 
mals were bled and killed every other week after 
the inoculation date. The tissues (liver, spleen, 
and kidney) and the clots from the aforemen- 
tioned bleedings were cultured in duplicate on 
Sabouraud’s agar slants for 28 days at room 
temperature. Since previous workers had demon- 
strated the tendency of the fungus to produce 
macroconidia on Sabouraud’s agar (Howell, 
1948; Kotcher et al, 1951), and since the fungus 
grew as well on Sabouraud’s agar as on any of 
the three others tested (blood agar, beef heart in- 
fusion agar, and hemoglobin cystine heart agarf), 
Sabouraud’s agar alone was used for culturing the 
animal tissues. This medium supported the 
growth of small numbers of cells, since the in- 
oculation of suspensions of as low as two cells of 
the yeast phase resulted in the appearance of the 
appropriate numbers of colonies. 


* Obtained from the Alpine Caviary, Chey- 
enne, Wyoming. 

{ Determined by actual count in a Levy 
haemocytometer. 

¢t This medium consisted of 51 g/L Difco cys- 
tine heart agar and 20 g/L Difco bacto-hemo- 
globin. 


The serums of mice were tested only for the 
presence of precipitins, since the amounts of 
serum available were small and it was thought 
that precipitins might be present during the early 
or acute phase of infection (Salvin and Hottle, 
1948). Although both complement-fixation and 
precipitin tests were done on the hamster serums, 
precipitin tests only were reported because of the 
consistently strong anticomplementary action of 
many of the serums from infected hamsters. Both 
precipitation and complement-fixation tests were 
carried out on the guinea pig serums. 

In the precipitin tests, a filtrate from the growth 
of the mycelium in an asparagine broth was used 
as the antigen (Salvin and Hottle, 1948; Smith, 
1943). Equal quantities of antiserum and dilu- 
tions of antigén were drawn into 3-inch lengths of 
capillary tubing, incubated for 2 hours at 37 C, 
and refrigerated for 36 hours at 3 to 5 C. 

In the complement-fixation tests, a saline sus- 
pension of the cells of the yeastlike phase, killed 
by heating at 56 C for 1 hour, was used as the 
antigen. The method employed was that of 
Bengtson (1945), in which falling dilutions of 
serum, 2 units of complement, and an optimal 
dilution of antigen were mixed and incubated at 
37 C for 1 hour before the addition of sheep cells 
sensitized by 2 units of hemolysin. Tests were 
then incubated for an additional hour at 37 C. 
One hundred percent end points were used 
throughout. 


RESULTS 


Cultural studies—The number of 
mice from which the fungus could be 
recovered greatly increased when the 
inoculum consisted of cells suspended 
in 2.5% mucin instead of cells in 0.85% 
saline (table 1). At the dosages used, 
about 2.5 times as many mice injected 
with an inoculum suspended in mucin 
yielded positive cultures, as compared 
to mice injected with cells suspended in 
saline (table 1). Seven of 97 mice (7%) 
injected intraperitoneally with 10 cells 
in saline yielded cultures of H. capsu- 
latum, while positive results were ob- 
tained from 46 of 97 mice (47 %) given 
the same number of cells in mucin. This 
7-fold increase in the number of mice 
yielding positive cultures after injection 
with 10 cells contained in mucin com- 
pared to a 4-fold increase and a less than 
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TABLE 1. 


S. B. SALVIN 


Number of 40-day-old Swiss white male mice from one or more of whose tissues H. capsulatum 


was recovered on Sabouraud’s agar after incubation at room temperature for 28 days.* 


Number of cells inoculated into mice 











Time a > eras ar ee ae 
(in weeks) 10 in: 100 in: 1000 in: Total 
after in- ee ee RED) ol ie ee ee 
oculation Saline Mucin Saline Mucin Saline Mucin Saline Mucin 
1 0/15Tt 1/15 0/15 1/15 3/15 4/15 3/45 6/45 
2 0/20 16/20 0/10 2/10 5/20 16/20 5/50 34/50 
4 2/13 6/13 0/8 4 5/13 7/13 7/34 17/34 
6 0/16 8/16 0/8 4 8/16 5/16 8/40 17/40 
s 1/18 10/18 4/8 4/ 1/18 8/18 6/44 22/44 
11 4/10 1/10 8/10 5/10 12/20 6/20 
14 0/5 4/5 1/5 2/5 1/10 6/10 
Total 7/97 46/97 4/49 15/49 31/97 47/97 42/243 108 /243 
Percentage 7 47 8 31 5 


* These data represent the results of two separate experiments. 


32 48 17 


+ Numerator indicates number of animals from whose tissues H. capsulatum was demonstrated by culture; denominator 


indicates the total number of animals sacrificed and cultured. 


2-fold increase when 100 or 1000 cells 
were employed suggests that the lower 
the number of cells in the inoculum, the 
greater is the effect of the mucin in 
mice. 

The number of positive cultures ob- 
tained from the tissues of mice was low, 
H. capsulatum having been isolated 
from only 213 of 1668 tissues cultured 
(13%). Of the 4 tissues examined, the 
spleen yielded the greatest number of 
positive cultures, namely 107 (50%). 
Only 28 blood clots from the 486 mice 
produced growth of the fungus on cul- 
ture, and 23 of these were from mice 
which had been inoculated with cells 
suspended in mucin. 

The number of positive cultures from 
hamster tissues, in contrast to those 
from mice, was high (table 2), the 
fungus having been recovered from 142 
of 171 animals (83%) and from 322 of 
684 tissue specimens (47%). In addition 
to the animals mentioned in table 2, 
from each of which 4 tissues were avail- 
able for culture, there were other ham- 
sters from which all these tissues were 
not suitable for study. Of the 29 ham- 
sters from which the fungus was not 
isolated by cultural techniques, 21 were 
animals inoculated with 10 cells of the 
yeastlike phase and sacrificed 2 weeks 
after injection. The number-of positive 
cultures obtained showed little change 


during the period of the experiment,with 
the exception of the number of isola- 
tions made from blood clots. These iso- 
lations increased from 8 of 44 during 
the second week to 21 of 44 during the 
sixth week. There was no distinct dif- 
ference in the number of isolations made 
from tissues of hamsters inoculated with 
cells in saline and those inoculated with 
cells in mucin. 

The number of hamsters from which 
the fungus was isolated was about the 
same in the groups that were inoculated 
with either 10 or 1000 yeastlike cells. 
For example, during the second week 
postinjection, 16 of 22 hamsters that 
had been inoculated with 10 cells had at 
least one tissue from which H. capsu- 
latum was isolated, whereas 22 of 22 
that had been inoculated with 1000 cells 
were culturally positive. During the 
sixth week, 14 of 22 animals that had 
been injected with 10 cells had at least 
one tissue positive by culture, while 17 
of 22 of those inoculated with 1000 cells 
were positive by culture. During the 
eleventh week, 6 of 7 animals injected 
with 10 cells had culturally positive tis- 
sues, while 11 of 12 animals inoculated 
with 1000 cells had infected tissues. 

Hamsters obtained from Bezanson’s 
Hamstery* acted in a similar manner as 


* Temple City, California. 
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TABLE 2.—Number of hamster tissues from which H. capsulatum was recovered on Sabouraud’s agar 
after incubation for 28 days at room temperature.* 





Time 
(in weeks) —- 
after in r Per 
: Number 
oculation ‘ centage 


Spleen Kidney 


Per- 


Number 
umber centage 





34/44t 
24/44 
21/44 
22/39 


33/44 
29/44 
15/44 
16/39 
Total 


101/171 93/171 


Blood clot 


Total 
Per- 
centage 





Per- 


Number centage Number 


centage 





111/176 
79/176 
60/176 
72/156 


322/684 


8/44 
8/44 
21/44 
21/39 


* These data represent the results of two separate experiments. 
+ Numerator indicates number of tissues from which H. capsulatum was cultured; denominator indicates the total number 


of tissues cultured. 


those used in the previous experiment. 
Twenty-five hamsters from each strain 
were inoculated intraperitoneally with 
10 to 1000 cells and sacrificed 2 and 4 
weeks later; tissues from each strain 
produced equal numbers of fungi on 
culture. Twenty-two of 25 hamsters of 
each strain yielded H. capsulatum. 

The results of culturing the tissues of 
guinea pigs previously injected intra- 
peritoneally with 10 or 1000 cells in 
saline or in mucin were different from 
those obtained from mice and hamsters. 
No great differences were noted in the 
extent of recovery of the fungus from 
the tissues when the yeastlike cells were 
suspended in mucin instead of saline 
prior to injection. The fungus was iso- 
lated from many more guinea pigs (45 
of 70, or 64%) inoculated with 1000 
cells than from those inoculated with 10 
cells (14 of 70, or 20%). (See table 3.) 
Positive blood clots were found in only 
3 of the 59 animals whose other tissues 
showed the fungus on culture. There 
was a marked reduction, over a period 
of time, in the number of positive cul- 
tures. For example, in animals that had 
been inoculated with 1000 cells in saline, 
when the numbers of cultures from the 
spleen, liver, and kidney were added 
together per 5 guinea pig group, 14 of 15 
tissues were positive during the 2nd 
week postinjection, 9 of 15 during the 
4th week, 3 of 15 during the 6th week, 
5 of 15 during the 8th week, 4 of 15 
during the 11th week, 3 of 15 during the 


14th week, and none of 15 during the 
16th week. Twenty-one of 25 animals 
that had at least one tissue from which 
the fungus was recovered had positive 
spleens. On the 40 tissues (spleen, liver, 
kidney, and blood clot) that were posi- 
tive culturally, 21 (53%) were spleens. 

One hundred and fifty additional 
guinea pigs were inoculated intraperi- 
toneally with either 10, 100, 1000, 
10,000, or 1,000,000 cells of the yeast- 
like phase in physiologic saline. Five 
animals in each group were bled and 
sacrificed every 2 weeks; the liver, 
spleen, kidney, and clot were cultured 
on Sabouraud’s agar. The maximum 
number of isolations was made during 
the second week after inoculation, after 
which time there was a gradual decline 
in the number of positive cultures (table 
4). Of the 67 animals that had been 


TABLE 3.—Number of guinea pigs from whose 
tissues H. capsulatum was recovered on 

Sabouraud’s agar after incubation at 
room temperature for 28 days. 





Time 10 in: 
(in weeks) ———— 
after in- 
oculation 





Saline —_ Saline Mucin Saline Mucin 





2 /S* ‘ 6/10 
4 s 6/10 
4/10 
4/10 
2/10 
3/10 
1/10 


26/70 
(37) 


8/10 


0 


5 /s 5/10 
‘ 5/10 


7/10 


/S 3/10 
/ 0/10 


20/35 33/70 
(57) 


1/ 5 
2/ 5 
/ 3, 
D/ 5 
0/ 4 
2/ d 
1/ 0 


5 

5 

5 s 

5 fs 5/10 
/§5 

5 

3 


3 
Total 8/35 6/35 25/35 


Percentage (23) (17) (71) (47) 





* Numerator indicates number of animals from whose 
tissues H. capsulatum was demonstrated by culture: de- 
nominator indicates the total number of animals sacrificed 
and cultured. 
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sacrificed and found to have H. capsu- 
latum in one or more of their tissues, 60 
had culturally positive spleens, and in 
32 only the spleens yielded the fungus 
on culture. During the second week 
postinoculation blood clots from all 5 
of the guinea pigs in the group that had 
been injected with a suspension of 
1,000,000 cells yielded cultures. These 
were the only blood clots found cultur- 
ally positive during the course of the 
experiment. 

Serologic studies.—Mice whose tissues 
yielded H. capsulatum on culture were 


tectable precipitins. Of 147 mice se- 
lected for study which had been inocu- 
lated with cells in saline, 9 had pre- 
cipitins alone, 5 had precipitins and 
tissues positive in culture, and 10 had 
no precipitins but tissues from which 
the fungus was grown. Similarly, of the 
147 mice selected for serologic study 
which had been inoculated with cells in 
2.5% mucin, 15 had precipitins alone, 
one had precipitins and showed the 
presence of the fungus in culture, and 
42 had no precipitins but culturally 
positive tissues. Thus, no apparent rela- 
tion existed in a given mouse between 
the presence of the fungus in the tissues 
and the presence of precipitins. 

Of the mice inoculated with cells 
suspended in mucin the same number 
had precipitins as those inoculated with 
cells suspended in saline. Fourteen of 
147 mice inoculated with yeastlike cells 
suspended in saline had_ precip‘tins; 
16 of 147 mice inoculated with cells in 
mucin had precipitins. The mice in- 
fected with cells in mucin did not have 
higher titers than those infected with 
cells in saline. 

The hamsters under study also had 
precipitins, and their presence was more 
uniform than in mice. Nineteen of 44 
hamsters (43%) had precipitins during 
the 2nd week after inoculation, 33 of 44 


(75%) during the 4th week, 39 of 44 
(89%) during the 6th week; 32 of 39 
(82%) during the 8th week, 14 of 19 
(74%) during the 11th, and 9 of 16 
(56%) during the 14th week. Peak titers 
(up to 1:16) were also obtained during 
the 6th and 8th weeks. Twelve control 
hamsters developed no detectable pre- 
cipitins. 

Few of the guinea pigs developed de- 
tectable precipitins, and then only in 
low titers. However, complement-fixing 
antibodies appeared in many of the ani- 
mals and frequently in high titers. In 
the guinea pigs that had been infected 
with 10 or 1000 cells in either saline or 
mucin, there was no difference in the 
rate of antibody production or in the 
amount of antibody between those ani 
mals inoculated with cells in saline and 
those with cells in mucin. 

The higher the inoculum, the sooner 
the complement-fixing antibodies ap- 
peared. For example, the guinea pigs 
that had been injected with 10 or 100 
cells of the yeastlike phase developed 
antibodies to a maximum titer at 11 to 
13 weeks after intraperitoneal injection, 
whereas those animals that had been 
injected with 1X10® cells developed 
maximum titers about 4 to 6 weeks 
after inoculation. Also, the animals that 
had been inoculated with 1X10® cells 
produced titers as high as 1:512; those 
that received 10 cells intraperitoneally 
developed titers only as high as 1:32. 
With the exception of the guinea pigs 
that had received 1 X 108 cells as an inoc- 
ulum, complement-fixing antibodies 
were not detected until the second 
bleeding (fourth week) after injection. 

The animals in each of the groups, 
regardless of the size of the inoculum, 
exhibited a marked rise and fall of com- 
plement-fixing antibodies during the 
first three months postinjection; the 
rate of antibody development and the 
amount of antibody varied with the size 
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TABLE 4.—Relationship between size of initial incculating dose and rate of recovery of H. capsulatum 


Time 
(in weeks) 
after in- 
oculation 


100 


1000 
Ani- 
mals 


Ani- 


issues Tissues Tissues 
Tis 1 mals es 


7/20 4/S 10/20 : 5 
6/20 4/s 1/20 q 4/20 3 
1/20 1/s 2/20 4 


0/20 o/s 


Total 


14/120 9/30 


18/120 12/30 


Size of inoculating dose (in number of cells) 


Ani- 
mals 
20 4/: 
2003/8 
0/20 0/5 20 : 0/20 o/s 
1/20 7 0/20 0/: 
0/20 O 3/20 0/20 0, 


13/120 10/: 


from spleen, liver, kidney, and blood clot of guinea pigs.* 


- Tee Total 
10 ,000 1 ,000 ,000 


Ani- 
mals 


Ani- 
mals 


Ani- 


Tissues Tissues Tissues 
mals 


20 § 38/100 
20 A 25/100 
‘20 20/100 
20 - 6/100 
20 / 7/100 
/20 3/100 


35/120 20/30 


2/25 


1 16/30 99/600 67/150 





* The animals listed were about 10 days older at time of injection than those referred to in table 3. 


of the inoculum. The rise and fall of 
antibody titer, however, was not di- 
rectly related to the time when animal 
tissues were found to be most heavily 
infected with the fungus. As seen in 
table 4, the fungus was most readily 
isolated from the spleen, liver, kidney, 
and blood during the first 4 weeks post- 
inoculation. Regardless of the dose (up 
to 110° cells intraperitoneally), by the 
tenth week, H. capsulatum was no 
longer readily isolated by the cultural 
methods employed. Yet at that time 
complement-fixing antibodies could be 
detected in 80% of the guinea pigs 
(table 5). Also, the percentage of guinea 
pigs with complement-fixing antibodies 
remained high after the fourth week 
postinoculation until the termination of 
the experiment, 16 weeks after injec- 
tion. It therefore may be concluded that 
after the first 4 to 6 weeks, serologic 
methods offer a better means of detect- 
ing the disease in guinea pigs than cul- 
tural methods. 


TABLE 5. 


DISCUSSION 

Previous workers (Howell, 1948; 
Kotcher et al, 1951) have emphasized 
that H. capsulatum can be recovered in 
a very high percentage of experimen- 
tally infected animals by culture of parts 
of the liver and spleen. Unfortunately, 
this statement does not always hold 
true. H. capsulatum can be recovered by 
culture of the liver and spleen if a 
highly susceptible animal is used, and if 
that animal is infected with a large 
enough dose of virulent cells. For exam- 
ple, 16 of 22 hamsters had positive 
livers, spleens or kidneys on culture two 
weeks after inoculation with a saline 
suspension of 10 yeastlike cells. Only 5 
of 50 40-day-old male mice, when in- 
jected with a similar dose of organisms 
and sacrificed 2 weeks later, had spleens, 
livers or kidneys which on culture 
yielded H. capsulatum. Therefore, a 
minimum infectious dose (as deter- 
mined by culture) in the hamsters is less 
than 10 cells when administered intra- 


Relationship between cultural and serologic findings in guinea pigs inoculated 
RUC | g 


with 1X10 to 1X10° cells of the yeast phase of H. capsulatum. 


Animals with at least one tis- 
sue culturally positive 


Time 
(weeks after 


Animals with complement- 
fixing antibodies* 


Median 





inoculation) Number 


Percentage 


Number 


titer 
Percentage 





27/35 
24,35 
20/35 
12/35 
7/25 
7/35 
3/10 
0/28 


3/35 
19/35 
29/35 
29/35 
20/25 
27/35 

8/10 
20/28 


| MOCO heNO 





* For the purpose of this experiment, a titer of 1:2 or greater was considered positive. 
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peritoneally in saline, and in the mice 
much greater than 10 cells. 

In guinea pigs, variation in the inocu- 
lating doses produced no marked dif- 
ferences during the second week after 
injection, either in the number of tissues 
infected or in the number of animals in- 
fected (table 4). However, as the time 
between the day of inoculation and the 
day of sacrifice increased, the animals 
given the higher doses tended to have 
greater numbers of culturally positive 
tissues. Thus, during the 8th and 10th 
weeks, 6 of 10 pigs infected with 110° 
cells still showed the fungus on culture, 
whereas 0 of 10 pigs injected with 10 
cells demonstrated the fungus on cul- 
ture. 

At no time was the fungus consist- 
ently isolated from the blood clots of 
mice or guinea pigs. However, 58 of 171 
hamster blood clots (34 %) did show 
the fungus on culture, with the majority 
(72%) occurring after 4 weeks postinoc- 
ulation, and after the kidney, liver and 
spleen had been consistently positive on 
culture. On the contrary, the spleens of 
all three species of animals were the 
most readily infected and the most 
chronically infected of the tissues 
studied. This was especially marked in 
one of the guinea pig experiments in 
which 60 of 67 infected animals had cul- 
turally positive spleens. Of these, 32 had 
only the spleens positive, with neither 
liver, kidney nor clot showing the fun- 
gus on culture. 

One of the procedures for isolating H. 
capsulatum and for assisting in the diag- 
nosis of human histoplasmosis has in- 
volved animal inoculation with poten- 
tially infected material. Under such cir- 
cumstances, the foregoing results indi- 
cate that young hamsters are preferable 
to young mice (Rocky Mountain Labo- 
ratory strain) or guinea pigs. However, 
if mice are used, the suspected material 


should be suspended in 2.5% mucin, not 
in saline. 

Precipitin tests, which were positive 
for mice, hamsters, and guinea pigs 
primarily in antigen dilutions of 1:8 and 
less, were of little diagnostic value in 
mice and guinea pigs, mainly because of 
the large percentage of animals with no 
detectable precipitins. However, pre- 
cipitins in hamsters were present in 
almost half the animals during the sec- 
ond week and persisted in from 56 to 
89% of the animals up to the 14th week, 
when the experiment was terminated. 

The findings in the guinea pigs on 
culturally positive tissues and on com- 
plement-fixing antibodies were most 
interesting. The highest percentage of 
infected animals (77%), as shown by 
the culturing of excised tissues, occurred 
during the 2nd week after injection. 
Thereafter, a gradual but distinct de- 
crease in the number of culturally posi- 
tive guinea pigs was observed, until by 
the 16th week none of the animals had 
infected spleens, livers, kidneys or blood 
clots. These results were from animals 
inoculated intraperitoneally with from 
1X10! to 110° cells of the yeastlike 
phase. When the serums of these same 
guinea pigs were examined for comple- 
ment-fixing antibodies, a vastly diifer- 
ent picture presented itself. Comple- 
ment-fixing antibodies, although present 
in low titers in 9% of the animals during 
the 2nd week (all these were inoculated 
with 1X10® cells), reached their peak 
during the 6th and 8th weeks, at which 
time 83% of the animals had antibodies, 
with titers as high as 1:256. Thereafter, 
there was a gradual loss in titer, al- 
though by the 16th week when the ex- 
periment was ended, 71% of the ani- 
mals still had complement-fixing anti- 
bodies. Certainly then, it would seem 
that under the conditions of this experi- 
ment serologic techniques offer a better 
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means for indication of nonfatal histo- 
plasmosis in guinea pigs than do cul- 
tural techniques. 


SUMMARY 


Hamsters were more susceptible than 
mice to intraperitoneal infection with 
10 to 1000 cells of the yeastlike phase, 
with guinea pigs intermediate. When 
2.5% mucin was used as the suspending 
medium, there was a lowering of the in- 
fectious dose in mice. The spleen yielded 
the highest percentage of positive cul- 
tures from the tissues of mice, hamsters, 
and guinea pigs. Guinea pigs inoculated 
with higher doses (110° cells) tended 
to have infected spleens, livers, kidneys, 
and blood clots over a longer period of 
time than those given lower doses 
(1X10! cells). The maximum number of 
culturally positive tissues in the guinea 
pigs was during the 2nd week postinocu- 
lation, after which time there was a 
marked decrease up to the 16th week, 
when none of 28 animals were culturally 
positive. 

There was no relationship between 
the presence of precipitins and of cul- 
turally positive tissues in the mice. 
Also, the addition of mucin to the sus- 
pending medium of the inoculating dose 
did not increase the number of animals 
with precipitins nor their titers. Ham- 
sters showed precipitins in high per- 
centages of animals but the titers were 
low over extended periods of time. 


Guinea pigs formed very few precipi- 


29 


tins. However, complement-fixing anti- 
bodies were quite prominent, with serum 
titers ranging as high as 1:512. The 
greatest number of animals with com- 
plement-fixing titers occurred during the 
6th to 8th weeks, although by the 
16th week 71% were still positive. 
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Food is an important vehicle for the 
transmission of pathogenic enteric bac- 
teria causing gastroenteritis in man.'% 
This is especially true in areas where 
sanitation standards are low and enteric 
methods of 
waste disposal, uncontrolled fly breeding 
and large numbers of human carriers 
provide ample opportunities for un- 
protected foods to become contaminated 
with shigella and salmonella organisms. 

The importance of the role of food in 
the transmission of these organisms in 
Egypt has been pointed out by several 
workers,*~'* although reports of 


disease rates high. Poor 


few 
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bacteriological investigations in this 
field have been found. In undertaking an 
epidemiological study of gastroenteritis 
in Egypt it was felt that a bacteriologi- 
cal survey of common foods in the local 
markets would provide further evidence 
of the importance of this means of trans- 
mission of the causative organisms. 
Since meat had often been implicated 
in food poisoning outbreaks here, due 
to salmonella and other enteric organ- 
isms, it was the first type of food to be 
examined in this survey. In a report 
published earlier,’ it has been shown 
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that 8% of the samples of fresh meat 
purchased from open, unscreened butch- 
er shops in Cairo were contaminated 
with shigella and salmonella organisms 
of probable human origin. 

The present report is concerned with 
the bacteriological findings on samples 
of ready-to-eat meats (sausages, meat 
loaves, etc.), both imported and locally 
produced, that were bought from repre- 
sentative butcher shops and provision 
stores in Cairo. 


MATERIALS AND METHODS 


Two hundred and fifty samples of ready-to-eat 
meat were purchased from butcher shops and 
provision stores in Cairo from March through 
July 1952. One hundred and seventy-nine of the 
samples came from well sanitated, modern shops, 
where the meats were usually kept in refrigerated 
display cases. Most of these samples were im- 
ported meat loaves or sausages. The remaining 71 
specimens came from small, open, poorly sani- 
tated shops that border directly onto sidewalks 
or streets. In general, this type of shop served a 
poorer class of people and sold only locally pro- 
duced ready-to-eat meats, such as “basterma”’ 
and “‘sago.”’ 

The types of samples selected depended upon 
the availability. Usually 6 to 8 samples were 
bought from several shops in a single day. The 
specimens were wrapped separately in paper and 
brought to the laboratory shortly after purchase. 

A single thin slice, of approximately 5 to 10 g, 
was removed from each sample. This was tritu- 
rated sterilely in a mortar with a few grams of 
sand and 10 to 15 ml of normal saline. After 
grinding, the resulting broth stood for a few 
moments to allow the gross particles to settle. 
Then 5 ml were transferred to a flask containing 
50 ml of tetrathionate broth (Difco). Shigella- 
Salmonella (SS) agar (Difco), MacConkey agar 
(Difco) and sheep blood agar plates were streaked 
with the material. Subcultures were made from 
the tetrathionate flasks at 24 and 48 hours onto 
SS and MacConkey agar plates. 

All plates were incubated at 37 C for 24 hours. 
Suspicious colonies were transferred to triple- 
sugar-iron agar (Difco) slants. Cultures showing 
reactions on this medium suggestive of shigellae 
or salmonellae were tested for their biochemical 
properties. Those having biochemical reactions 
characteristic of shigellae were identified with 
group and type specific serums. Those having 
reactions typical of salmonellae were forwarded 


to salmonella typing centers* for complete sero- 
logical identification. Other organisms isolated 
from the samples were identified as far as feasi- 
ble. 


RESULTS 


As shown in table 1, human enteric 
pathogens were isolated from 7 (2.8%) 
of the 250 samples of ready-to-eat meat 
examined. 

Two of the samples yielded 2 enteric 
organisms each, making a total of 9 
isolations. Shigella flexnert 2a was re- 
covered once; Salmonella paratyphi A 
was found twice; S. paratyphi B twice; 
S. paratyphi B var. odense, S. schwarzen- 
grund, S. ness-ziona and S. cairo once 
each. 

This was the first reported isolation 
of S. paratyphi B var. odense, S. schwar- 
zengrund, and S. ness-ziona in Egypt. 
S. cario, a new salmonella type,'* was 


TABLE 1.—Enteric pathogens isolated from 
ready-to-eat meat samples. 


Number Number 
of of positive 
samples samples 


Organisms 





Head cheese 15 
Veal loaf 39 S. paratyphi A* 
. paratyphi B* 
Liver loaf 22 
Beef loaf 13 
Cooked ham 26 
Mortadello 14 
Bologna 24 S. flexneri 2at 

S. cairot 

S. paratyphi A 

S. paratyphi B 

}. paralyphi B 

var. odense 

S. schwarzengrund 
S. ness-ziona 


Salami 19 
Sago 34 
Basterma 44 











* Same sample. 
t Same sample. 


first isolated during this survey from a 
slice of bologna. 

Other enteric organisms recovered 
from the samples are listed in table 2. 


* International Salmonella Center, State Ser- 
um Institute, Copenhagen, Denmark and Bac- 
teriology Division, U.S. Naval Medical Research 
Institute Bethesda, Maryland. 

18. Kauffmann, F. and Floyd, T. M. 1953, A 
new Salmonella type (S. cairo). Acta. Path. et 
Microb. Scandinavica, 32: 124. 
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TABLE 2.—Incidence of other enteric organisms 
in ready-to-eat meat samples. 
Organism Percent samples 
E. coli 100.0 
Paracolons 38.8 
Alkaligenes fecalis 34.8 


Proteus sp. 23.6 


Escherichia coli was present on all 
specimens; 38.8% contained paracolon 
organisms, including strains of the 
Bethesda, Arizona and _ Providence 
groups, which are of possible patho- 
genicity for man; Alkaligenes and Pro- 
teus species were found on 34.8% and 
23.6%, respectively. 

Table 3 lists the other pathogenic 
organisms, of possible human origin, 
that were recovered. Micrococcus pyo- 
genes var. albus was found on all the 
specimens. M. pyogenes var. aureus, 
Micrococcus citreus and Gaffkya tetra- 





TABLE 3.—Incidence of other pathogenic organisms 
on ready-to-eat meat samples. 
Organism Percent samples 

M. pyogenes var. albus 100.0 
M. pyogenes var. aureus 36.8 
M. citreus 44.7 
Gaffkya tetragena 39.4 
Streptococcus hemolyticus 10.5 
Group D streptococcus 28.9 
Candida albicans 28.9 

gena were often isolated. Hemolytic 


streptococci were recovered from 10.5% 
and fecal streptococci from 28.9% of the 
samples. A similar number contained 
Candida albicans. 

Three (1.7%) of 179 samples pur- 
chased from modern, well sanitated 
shops and 4 (5.6%) of 71 specimens 
from poorly sanitated ones were con- 


TABLE 4.—Comparative number of positives 
from well and poorly sanitated shops. 


Number 


Number e 
of of positive leet + 
samples samples pot 
Well sanitated shops 179 3 1.7 
Poorly sanitated shops 71 4 5.6 
250 7 2.8 


taminated with human enteric patho- 
gens (table 4). 


DISCUSSION 

It was not surprising to find bacterio- 
logical evidence of gross contamination 
of the ready-to-eat meat samples. The 
ingredients of such loaves and sausages 
are not sterile at the time of manu- 
facture and very rapid multiplication 
of bacteria takes place in chopped 
meat.'*-*4 It has been shown that salting 
and pickling of meat does not prevent 
the survival of bacteria. Various strains 
of salmonellae have been found to sur- 
vive, without loss of pathogenicity, in 
dry-salted sausages for 4 months and 
for 2 to 6 months in those kept in brine.” 
That storage under refrigeration does 
not destroy these organisms has been 
shown in experiments when salmonella 
organisms have been recovered from 
sausages kept at —14 F for 9 months.* 
Processed meat has been one of the 
most commonly incriminated vehicles 
in food poisoning outbreaks in European 
countries.***> However, the organisms 
recovered from contaminated meats in 
such outbreaks usually 
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salmonella strains of animal origin.**-* 
It has been estimated that from 10 to 
90% of the contamination of processed 
meat originated from organisms har- 
bored by the animals themselves.” Re- 
covery of shigella strains or of salmonella 
strains of human origin from this source 
has been infrequently reported.**—*° 
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Although the number of strains of 
shigellae or salmonellae isolated during 
the present study was small, it was signi- 
ficant that 7 of the 9 were most prob- 
ably of human origin. It would seem 
reasonable to conclude that the ready- 
to-eat meat samples were contaminated 
by flies and human carriers, which also 
have been implicated in the contamina- 
tion of fresh meat from butcher shops 
in Cairo. 

Meat of this type, eaten or handled 
without cooking, could be a source of 
infection from shigella, salmonella, mi- 
crococcus or streptococcus organisms. 

Of epidemiological interest was the 
first isolation in Egypt of three salmon- 
ella types and the discovery of a new 
type from the samples examined during 
this study. 


SUMMARY 


1. Two hundred and fifty samples of 
ready-to-eat meat from Cairo butcher 
shops were examined bacteriologically. 

2. Human enteric pathogens were re- 
covered from 7, or 2.8%, of the samples. 

3. Shigella flexneri 2a was isolated 
once; Salmonella paratyphi A twice, S. 
paratyphi B twice; S. paratyphi B var. 
odense, S. schwarzengrund, S.  ness- 
ziona and SS. cairo once each. 
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In some outbreaks characterized by 
gastrointestinal disturbances, careful 
bacteriological examination does not un- 
cover any of the recognized etiological 
agents of food poisoning. In some of 
these instances the suspected food con- 
tains large numbers, and in seemingly 
pure culture, of microorganisms not 
previously proven to cause food poison- 
ing. This type of observation is, how- 
ever, only presumptive evidence and 
does not constitute proof that the or- 
ganism found is the agent responsible 
for the outbreak. The definitive test 
of pathogenicity of such an organism is 
the production of a clinical syndrome 
similar to that in the outbreak in a 
sufficient number of human beings fed 
pure cultures of the organism.! A further 
elucidation as to whether the food 
poisoning is of the infection or toxin 
type would also be of importance. The 
experiments reported in the present 
paper are the application of this critical 
human feeding test to Clostridium per- 
fringens and Bacillus cereus, two micro- 
organisms which have been reported as 
causative agents of food poisoning. 

The strongest evidence for consider- 
ing B. cereus as a cause of food poisoning 
has been presented by Hauge.? In eight 
different outbreaks involving some 600 
persons a fairly uniform clinical picture 
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was obtained. After an _ incubation 
period of 8 to 16 hours (usually 12 to 13) 
there began frequent cramp-like pains 
in the lower part of the abdomen and 
around the umbilicus. This was followed 
by a short period of diarrhea, usually of 
4 to 6 stools. Nausea was common, but 
vomiting less frequent. There was no 
fever or weakness manifested in those 
patients. The incriminated food was 
usually starch-containing food, such as 
dessert sauce, which was prepared a day 
or two in advance of the meal at which 
it was served. B. cereus was found in 
large numbers in the suspected food and 
in the corn or potato starch or sauce 
powder which was used in the prepara- 
tion of the dessert. A different outbreak 
with essentially similar findings has 
been reported for Norway.* 

Hauge? also fed B. cereus grown in 
vanilla sauce to six human volunteers, 
155 to 270 ml of the sauce, containing 
30 to 60X10* organisms per ml, being 
fed to each individual. Four of these 
persons developed symptoms of food 
poisoning. 

Cl. perfringens was the only organisn: 
of significance isolated from chicken 
dishes believed to have caused gastro- 
intestinal upsets. At least 20 persons 
were involved, with symptoms of nau- 
sea, vomiting (rare), intestinal cramps, 
and invariably a pronounced diarrhea. 


3. Christiansen, O., Koch, S. O. and Madelung, 

P. 1951, Et utbrud af levneds middelforgift- 

ning forarsaget af Bacillus cereus. Nordisk. 
Veter. 3: 194-202. 

. McClung, L. S. 1945, Human food poisoning 
due to growth of Clostridium perfringens (C. 
welchii) in freshly cooked chicken; preliminary 

note. J. Bact. 50: 229-231. 
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The incubation period was 8 to 12 hours, 
with diarrhea continuing about 12 
hours. In most cases those who were ill 
were able to continue normal activities.‘ 
Nausea and cramps were evoked in one 
person and nausea and emesis in four 
individuals in a group of six people fed 
75 to 100 ml of a heated (95 C for 1 hr) 
filtrate of Cl. perfringens. The results 
were less regular in nine other persons 
fed 50 ml or less of the heated filtrate. 
The symptoms in these feeding experi- 
ments appeared in 45 to 80 minutes.® 
An earlier work reported no harmful 
results from ingesting cultures of C7. 
perfringens.® 

Fifteen of 33 food poisoning outbreaks 
in Sweden during a 2-year period have 
been attributed to Cl. perfringens.’ The 
usual symptoms were diarrhea and 
abdominal distress after an incubation 
period of 10 to 12 hours. In 7 of these 
outbreaks the isolated strain was inocu- 
lated into new preparations of the dif- 
ferent implicated foods of the respective 
outbreak. When fed to human subjects 
the incubation period ranged from 83 to 
16 hours, followed by mild diarrhea as 
the most common symptom. The fil- 
trates of the samples tested were not 
toxic. Data as to the number of organ- 
isms fed and the exact length of incuba- 
tion of the inoculated 
lacking. 


samples are 


PROCEDURE 


Four strains of Cl. perfringens (683, 689, 690, 
692) that had been isolated from suspected foods 


. Cravitz, L. and Gillmore, J. 1950, Clostridium 
perfringens in human food poisonicz. Un- 
published report presented at 78th Annual 
Meeting of A.P.H.A. Oct. 31, 1950. 

. Glynn, E. E. 1915, Cited by Simonds, J. P. 
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rhea. Monograph, Rockefeller Inst. Med. Res. 
no. 5, September 27, 1915. 

. Osterling, S. 1952, Matforgiftningar Orskade 
av Clostridium perfringens (welchii). Nord. 
Hyg. Tidskr. 33: 173-179. 


were obtained from Dr. L. S. McClung. The 
lecithinase reaction on egg yolk medium’ and the 
biochemical reactions were characteristic of C7. 
perfringens. The four strains of B. cereus (3, 6, 8, 
9) used were isolated by Dr. O. B. Williams from 
cheese spreads, attempts to obtain the original 
strains of Hauge? being unsuccessful. These 
strains of B. cereus gave identical biochemical 
reactions to those of Hauge’s strains. They were 
strongly lecithinase-positive,® strongly hemolytic, 
Voges Proskauer-positive, and did not ferment 
xylose or arabinose. 

The volunteer subjects ranged in age from 21 
to 45; they were male or female physicians, 
nurses, students and other reliable hospital per- 
sonnel. In so far as possible, those with previous 
gastrointestinal disorders were excluded. In no 
case did one individual receive more than one 
preparation of the same organism. 

Six different series of human feedings were 
performed, 3 with C/. perfringens and 3 with B. 
cereus. Each of these series consisted of several 
different experiments. Each experiment was con- 
cerned with the feeding of the test sample pre- 
pared with one of the strains of the organism. 
Table 1 summarizes the experiments. The test 
samples and controls were fed as unknowns. Plate 
counts were made at the time of feeding except 
where noted. 

In feeding series 1, 2, 3, and 4 the preparations 
were fed before breakfast and the subjects inter- 
viewed 5, 8, and 24 hours later. Blood and urine 
samples were taken at the 5-hour interval. In 
the other feeding series, the samples were fed be- 
fore supper and the subjects examined 15 hours 
later. A white blood count with differential, 
blood sedimentation rate, and a urinalysis were 
done on each volunteer. 

Feeding series 1.—An actively growing culture 
of Cl. perfringens was inoculated into a flask of 
veal broth (0.1% agar and 0.25% 
glucose) which was steamed and then cooled to 
room temperature immediately before inocula- 
tion. After 24 hours at 37 C in air, a Seitz filtrate 
was prepared and then !.zated for 1 hour at 95 C, 
The filtrates were mixed with 150 to 200 ml of 
milk before feeding. 

Feeding series 2.—The entire veal infusion 
broth cultures of Cl. perfringens (see above) were 


infusion 
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fed immediately after mixing with 200 ml of 
milk. Plate counts were made in casitone agar 
(5% casitone, 2% agar). Intraperitoneal injec- 
tion of 1 ml of unheated filtrate of strains 689 and 
692 killed mice within 48 hours, while those of 
strains 690 and 683 were not lethal. The heated 
filtrates were not lethal. 

Feeding series 3.—Autoclaved chicken broth 
inoculated with Cl. perfringens and incubated for 
30 hours at 37 C in anaerobic jars was fed. 

Feeding series 4.—B. cereus cells grown in nu- 
trient broth containing 0.5% glucose (strain 6) or 
1% skimmed milk (strains 8 and 9) were har- 
vested by centrifugation after 30 hours of incuba- 
tion at 32 C. The cells were washed twice with 
phosphate buffer (17/15, pH 7.4) and then sus- 
pended in a small amount of buffer. Plate counts 
of the suspensions were made 24 hours before 
feeding in nutrient agar (0.5% glucose and 0.3% 
yeast extract). The preparations were fed with 
150 ml of milk. 

Feeding series 5.—Skimmed milk inoculated 
with B. cereus and incubated at room tempera- 
ture (22 to 30 C) for approximately 30 hours was 
the test sample. 

Feeding series 6.—Vanilla sauce with a corn 
starch base was sterilized by autoclaving at 10 
pounds for 30 minutes. This vanilla sauce inocu- 
lated with B. cereus and incubated 30 hours at 
room temperature was fed. 


RESULTS 


The results are tabulated in table 1. 
The symptoms developed by the one 
subject fed heated filtrate of strain 683 
not described for Cl. per- 
fringens food poisoning.* The symptoms 
described after c, d, and e are not char- 
acteristic for the B. cereus food poison- 
ing that has been described. One sub- 
ject (b) may possibly be interpreted as 
a mild case of B. cereus food poisoning; 
this seems unlikely, however, since four 
other persons given the same washed 
cell preparation and five others given 
whole viable cultures of the same strain 
did not show symptoms characteristic 
of B. cereus good poisoning. 


are those 


DISCUSSION 


The negative results obtained in these 
tests are difficult to reconcile with the 
positive results reported by other work- 


ers.25-7 The dosages and the cultural 
conditions in some of the experiments 
were very similar to those reported as 
giving positive results. In the case of Cl. 
perfringens the strains tested were those 
isolated from the foods suspected of 
causing food poisoning. There is the 
possibility that prolonged cultivation on 
laboratory mediums may have resulted 
in a loss of pathogenicity which orig- 
inally may have been present. On the 
other hand, it should be pointed out that 
the incubation period reported by 
Cravitz and Gillmore® in the positive 
human feedings was only 40 to 80 
minutes,° as compared to the 8 to 12 
hours of the cases reported by McClung* 
and Osterling;? nor is the diarrhea, 
which was considered an important sign, 
mentioned in the human feeding experi- 
ments.® The illness of a human volunteer 
reported in the original paper* seems to 
have resulted from eating a sample of 
the food implicated in the actual out- 
break, this food presumably being free 
of other significant organisms. Thus, 
this one test cannot be accepted as a 
valid test of the pathogenicity of Cl. 
perfringens. 

It is regrettable that the strains of B. 
cereus isolated by Hauge were not avail- 
able for our study. However, the results 
presented in this paper do not support 
the contention that strains of B. cereus 
are capable of provoking gastroin- 
testinal complaints. 

It has been suggested that food poi- 
soning may be caused by organisms 
which are usually nonpathogenic and 
are harmless when ingested in small 
numbers but which may produce gastro- 
intestinal symptoms’ when large 
amounts of the organisms or their 
growth products are ingested.'® Beside 
the Cl. perfringens and B. cereus cases 





10. Hobbs, B. C. 1951, Food poisoning and food 
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TABLE 1.—Feeding of Cl. perfringens and B. cereus preparations to human volunteers. 








Feeding 
series and 
Strain no. 


Amount and Number fed* 
viable cells 


per volunteer 





Preparation fed Comments on reactions 


Number reactionst 





Cl. perfringeus 

1: 683 Heated filtrate 
689 Heated filtrate 
690 Heated filtrate 
692 Heated filtrate 


100 ml 
100 ml 
100 ml 
135-150 mlf 


a. Light headed and unnatu- 
ral fatigue 5 hours after the 
morning feeding. In evening 
definite weakness and general- 
ized malaise. WBC a‘ 5 hours, 
13,600. 


Whole viable culture} 
Whole viable culture} 
Whole viable culture} 
Whole viable culture|} 


200 ml =2.9 X10° 

200 ml =2.12 10° 
200 ml =1.29 K10® 
200 ml = 5.56 X10° 


Whole viable culture § 
Whole viable culture § 


250 ml =4.62 108 
250 ml =1.03 X10° 





Washed cells 
Washed cells 
Washed cells 


4.50 108 
3.71 X108 
8.40 X10° 


b. Slight cramps and 2 soft 
stools about 12 hours after 
feeding. c. One loose stool 12 
hours after feeding; no other 
complaints. 


Whole milk culture 
Whole milk culture 
Whole milk culture 
Whole milk culture 


400 ml =2.80 X10® 
400 ml =47.6 X10® 
400 ml =3.10 X10® 
400 ml = 10.4 X10° 


d. One loose stool 1 hour after 
feeding; no other complaints. 
e. Felt ‘“‘bloated’’ about 2 


6: 3 Whole vanilla sauce culture 
6 Whole vanilla sauce culture 


hours after feeding, followed 
shortly by 1 large stool; no 
other symptoms. 


250 ml =17.0 X10* 
250 ml =5.15 X10® 





* In each feeding experiment one other volunteer given placebo control; in series 3 and 6 no control feedings. 

t+ See comments after corresponding letters in next column; see also under Results. 

t Two received 135 ml, 3 received 150 ml equivalents of original filtrate, concentrated by vacuum distillation. 
Sma in veal infusion broth. 


Grown in chicken broth. 


already considered, evidence has been 
presented recently for the pathogenicity 
of an Escherichia coli strain" and of an 
unusual type of Cl. perfringens,'® both 
on the basis of human feeding experi- 
ments. Nausea seems much less fre- 
quent in these Cl. perfringens cases than 
in those described by McClung.‘ (The 
bacteriological information in Oster- 
ling’s paper’ gives no indication whether 
this unusual type of Cl. perfringens was 
involved.) On this basis, it is possible 
that the cultures used in the experi- 
ments reported in the present paper 
may cause symptoms when tested under 
some other conditions. 

The possibility of a new unrecognized 
agent of food poisoning must be con- 
sidered in every outbreak of food poi- 


11. Ferguson, W. W. and June, R. C. 1952, Ex- 
periments on feeding adult volunteers with 
E. coli 111, B4, a coliform organism associ- 
ated with infant diarrhea. Am. J. Hyg. 55: 
155-169. 


soning where the proven agents are not 
found; however, it should be pointed 
out that the presence of these proven 
agents may be easily overlooked. When 
first cultured on a laboratory medium 
such as veal infusion agar, Streptococcus 
faecalis may require 2 to 3 days incuba- 
tion before visible colonies are pro- 
duced.” Staphylococcus organisms may 
be destroyed by heat while potent en- 
terotoxin remains. 

These possibilities do not apply to the 
experimental feeding of pure cultures of 
suspected organisms or their products 
of growth; however, certain precautions 
are necessary to establish the validity of 
human feeding tests. The culture me- 
dium in which the pure culture of the 
suspected bacteria are grown for feeding 
tests should be sufficiently different in 


12. Cary, W. E., Dack, G. M. and Myers, E. 
1931, An institutional outbreak of food 
poisoning due to a Streptococcus. Proc. Soc. 
Exper. Biol. & Med. 29: 214-215. 
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origin from that of the implicated food, 
that is, a different preparation of the 
suspected type food made from different 
lots of ingredients or, preferably, an 
entirely different substrate. This would 
eliminate a nonmicrobial toxicity being 
common to the implicated food and the 
medium which is being used to grow the 
organisms for human feeding experi- 
ments. The use of control feedings of un- 
inoculated food would also circumvent 
this difficulty. But even these measures 
may be inadequate. Unless the food 
sample is sterilized before its inoculation 
with the suspected organism and then 
handled as a pure culture, the growth of 
other contaminating organisms should 
be considered. The failure of the un- 
sterilized but experimentally uninocu- 
lated control food, which must be incu- 
bated in the same manner as the test 
sample, to provoke symptoms may be 
misleading. Under these circumstances 
the inoculated organism may facilitate 
the growth of a contaminant organism 
which may be a food poisoning agent or 
the control food may not become con- 
taminated with the organism 
which may have gained entrance into the 
test sample. These possibilities appar- 
ently have not been considered in the 
human feeding experiments with Cl. 
perfringens.’ 

If the test sample fed is distinctly un- 
palatable, as is the case with Cl. per- 
fringens, some consideration should be 
given that the symptoms produced may 
be due to this factor alone, especially 
those appearing soon after the ingestion 
of the test material. The clinical picture 
obtained in the feeding test should bear 
resemblance to that of the actual out- 
break, with due cognizance of dosage. 
This implies that the number of organ- 


same 


isms present in and eaten with the food 
suspected of causing the outbreak 
should be determined and compared 
with the dosage of the experimental 
feedings. 

An exact description of the circum- 
stances under which food poisoning 
symptoms are evoked in human volun- 
teers may be of some assistance in work 
attempting to confirm previous positive 
results. For example, the diet of the 
volunteers before, during, and after in- 
gesting the test sample may play a role. 
This is suggested in the illness of chil- 
dren caused by Cl. perfringens, where the 
symptoms indicated not a true intoxica- 
tion but an active fermentation process 
in the intestinal tract with mechanical 
distention of the Data on 
the age of the culture of the test sample 
as well as the dosage are also useful 
information. 


bowel.!:8 


SUMMARY 


The food poisoning potentialities of 
four strains of Clostridium perfringens 
and four strains of Bacillus cereus were 
examined by feeding these organisms 
and/or their products of growth to 
human volunteers. Under the experi- 
mental conditions employed in_ this 
work these organisms seem incapable of 
causing the food poisoning symptoms 
that have been attributed to them. In 
view of the negative results obtained, 
further evidence is required to clarify 
the role of Cl. perfringens and B. cereus 
as etiological agents in food poisoning 
outbreaks. Some of the conditions neces- 
sary for a valid test in the experimental 
feeding of human volunteers are dis- 
cussed. 


13. Nelson, C. 1933, Flatulent diarrhea due to 
Clostridium welchii. J. Infect. Dis. 52: 89-93. 





THE EFFECT OF LEUKOPENIA (BY NITROGEN MUSTARD) 
AND RETICULO-ENDOTHELIAL BLOCKADE (BY THORIUM 
DIOXIDE) ON TUBERCULIN CUTANEOUS SENSITIVITY 


SHELDON G. COHEN AND WALTER E. MOKYCHIC 
From the Department of Biology, Wilkes College, Wilkes-Barre, Pennsylvania 


The mechanism of the production of 
tuberculin sensitivity has never been es- 
tablished with any degree of certainty. 
Any responsible antibody that may be 
directly concerned with the tuberculin 
reaction has never been identified by 
immunologic techniques. Hypersensi- 
tiveness to homologous polysaccharides 
in the tuberculous host is of the ana- 
phylactic type, distinct from the tuber- 
culin type.! Certain protein fractions of 
the tubercle bacillus may induce the 


formation of anaphylactic  sensitiza- 
tion,” precipitins, agglutinins and com- 
plement fixing antibodies,* but tubercu- 
lin sensitivity cannot be transferred to 
a normal animal by passive transfer of 


tuberculous serum,*-* and desensitiza- 
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tion of skin reactivity to tuberculin is 
not paralleled by diminution of serum 
antibody concentration.’ Thus, there is 
no evidence that circulating serum anti- 
bodies are concerned with delayed der- 
mal tuberculin sensitivity. 
Experimental evidence has been ac- 
cumulating pointing to the possibility 
that the antibody or factor responsible 
for or mediating delayed tuberculin 
sensitivity is a ‘‘cellular’’ one. Passively 
transferred living white cells obtained 
from peritoneal exudates, spleen, lymph 
nodes, blood and thoracic duct lymph 
from tuberculin-sensitive animals con- 
fer temporary positive delayed tubercu- 
lin reactivity upon a tuberculin-negative 
animal of the same species.*~ This 
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technique has been successfully applied 
to man, utilizing peripheral white blood 
cell suspensions.'* This capacity appears 
to be limited to mononuclear cells or 
lymphocytes, has not been found in 
granulocytes, and occurs only if these 
cells have not undergone any damage.® 
It has been suggested that these donor 
cells may elaborate an antibody-like 
material;*° and Favour and his associ- 
ates'® have been able to extract from 
tuberculin-sensitized lymphocytes a fac- 
tor, in the nature of a labile antibody, 
that is precipitable with the serum 
euglobulins. 

Evidence from the above _ studies 
would then seem to indicate that the re- 
sponsible antibody, or factor, concerned 
with tuberculin sensitivity is either in- 
tracellular, adsorbed to the surface of 
cells, or intimately associated with 
lymphocytes, cellular elementsof lymph- 
oid tissue, and mononuclear cells, and 
that its in vivo action depends upon 
the presence of intact, uninjured, live 
cells and cannot exist apart from them. 
Therefore, any relationship noted be- 
tween the selective in vivo destruction 
or depression of formation or activity 
of the lymphocyte, lymphoid cell, white 
cellular element of the hematopoietic 
system, mononuclear cell, or reticulo- 
endothelial cell and a _ corresponding 
loss, modification, or attenuation of pre- 
existing tuberculin sensitivity may con- 
tribute further evidence for or against 
the suspected relationship between tu- 


14. Lawrence, H. S. 1949, The cellular transfer 
of cutaneous hypersensitivity to tuberculin 
in man. Proc. Soc. Exper. Biol. & Med. 71: 
516-522. 

15. Kirchheimer, W. F., Hess, A. R. and Spears, 
R. G. 1951, Attempts at passive transfer of 
tuberculin type of sensitivity with living 
granulocytes. Am. Rev. Tuberc. 64: 516-519. 

16. Miller, J. M. and Favour, C. B. 1951, The 
lymphocytic origin of a plasma factor re- 
sponsible for hypersensitivity in vitro of 


tuberculin type. J. Exper. Med. 93: 1-12. 


berculin sensitivity and a ‘‘cellular” 
type antibody. This study is concerned 
with this relationship in tuberculin- 
sensitive rabbits. Nitrogen mustard was 
used to affect lymphocytic and granulo- 
cytic destruction and hematopoietic 
depression, and thorium dioxide was 
employed to produce blockade and radi- 
ation of reticulo-endothelial and mono- 
nuclear phagocytic cells that play a 
predominant role in the histologic evolu- 
tion of the tuberculin reaction in the 
rabbit.® 17 


MATERIALS AND METHODS 


Albino rabbits of the New Zealand strain, 
weighing approximately 1.5 to 2 kg, were in- 
fected by the intradermal injection of 0.15 mg of 
tubercle bacilli (BCG strain).* Three weeks later 
they were tested to the intracutaneous injection 
of 0.1 cc Old Tuberculin (O.T.) 1:10. Thirty-five 
animals exhibited a definite moderate to marked 
positive erythematous, edematous and infiltrated 
cutaneous reaction after 48 hours at the test site. 
These reactive sites were measured and traced on 
onion skin paper and complete blood counts were 
done to establish normal base line hematologic 
values prior to any further treatment. These 35 
tuberculin-sensitive rabbits were then divided 
into three groups (I, II, III) for further treat- 
ment described below. All animals were tested at 
weekly intervals thereafter to 0.1 cc O.T., 1:10, 
intracutaneously for the duration of the experi- 
ment. The size of each 48-hour tuberculin skin 
reaction was measured and traced, its intensity 
noted, and blood counts were repeated so that a 
record was kept of hematologic values and tu- 
berculin skin tests prior to, during, and following 
cessation of any drug administration. 

Group I.—Fifteen rabbits received nitrogen 
mustard (methyl bis [B-chlorethyl] amine hydro- 
chloride),t 1 mg/kg body weight, intravenously 
every 4 days to affect and maintain a leukopenia. 
When the size and intensity of the tuberculin re- 


17. Pell, P. G. H. and Hinde, I. T. 1951, The his- 
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Path. 32: 516-529. 
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TABLE.1.—Summary of effects of repeated tuberculin skin tests, nitrogen mustard (HN:), and thorotrast 
(ThO.) on pre-existing tuberculin intracutaneous reactions (O.T. 1:10) in rabbits previously rendered 
tuberculin- positive by infection with BCG. 





Number of 


Effect on tuberculin skin reaction 





Treatment animals 


Intensity 


Week 
observed 


Number of animals 
affect 


Return to 
normal 





None 10 
HN; 15 


ThO; 10 








— Diminished. 
+ Increased. 
0 No change. 


action was maintained for 4 successive weeks 
nitrogen mustard administration was stopped 
and tuberculin testing continued until the skin 
test had returned to its previous degree of reac- 
tivity or was maintained at the same level for 
4 successive weekly tests following the return to 
normal hematologic values. 

Group II. rabbits received 1 dose of 
thorium dioxide (thorotrast, 25% colloidal ThO, 
in 20% dextrin), 2.5 cc/kg body weight, intra- 
venously. Tuberculin intracutaneous tests were 
done for at least the following 8 weeks. 

Group III.—Yen rabbits received no further 
treatment or drug administration. Tuberculin 
intracutaneous tests were repeated for at least the 
following 8 weeks. 


-Ten 


RESULTS 


Group I (nitrogen mustard).—A leuko- 
penia of 2000 to 4000 white blood cells 
/cu mm and characterized by neutro- 
penia and lymphocytopenia was es- 
tablished and maintained. There was 
only a slight associated depression of red 
cells. A marked depression in the in- 
tensity and size of the 48-hour delayed 
tuberculin skin test was observed in all 
animals in this group. During the period 
of leukopenia the tuberculin test was 
diminished by 10 to 16 mm in diameter 
in each of the animals, representing an 
average reduction of 4 to 4 of the total 
size of the initial skin reaction. This was 
seen in 1 rabbit by the 7th day of nitro- 
gen mustard administration, in 7 by the 
14th day, and reached in the remaining 
7 by the 21st day. This diminished posi- 
tive tuberculin skin reaction did not 


show any further change in size or in- 
tensity, either during the period of es- 
tablished leukopenia in all 15 animals 
or during the 4 week period following 
re-establishment of previous normal 
hematologic values after the cessation 
of nitrogen mustard administration in 
the 10 rabbits that survived the entire 
duration of this experimental period. 

Group II (thorium dioxide).—No 
change was noted in the peripheral 
white or red blood cell counts in the 10 
rabbits following the intravenous ad- 
ministration of thorium dioxide. There 
was either no change or a slight reduc- 
tion in the size of the test site, but a 
slight to moderate increase in the degree 
of intensity and severity over the origi- 
nal skin reactions was observed in all 
animals after tuberculin testing re- 
peated during the 8-week period follow- 
ing ThO, administration. 

Group III (untreated)—No change 
occurred in peripheral white or red 
blood cell counts. Repeated tuberculin 
skin tests over an 8-week period showed 
a slight but gradual diminution in in- 
tensity and in size of about 4 to 5 mm 
in diameter less than the initial positive 
skin reaction in all animals. 


DISCUSSION 


It is recognized that such factors as 
heredity® and diet'® may play a role in 


18. Long, D. A., Miles, A. A. and Perry, 
W. L. M. 1951, Action of ascorbic acid on 
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the individual animal’s reaction to infec- 
tion with the tubercle bacillus and the 
resultant skin sensitivity reaction to 
tuberculin. Insofar as possible an at- 
tempt was made to control these factors 
by utilizing experimental animals of the 
same strain, all housed together under 
identical conditions and fed with the 
same stock ration. 

Repeated tuberculin intracutaneous 
tests with O.T. over a period of 8 weeks 
in rabbits previously sensitized by ex- 
perimentally induced 


infection with 


BCG showed the gradual development 
of a slight diminution in intensity and 
size of the positive reaction as compared 


with the size and intensity of earlier test 
reactions. This suggests either the possi- 
bility of temporary partial desensitiza- 
tion to tuberculin, the development of 
relative anergy, of an “exhaustion” of 
the skin reacting factors through re- 
peated inoculations of tuberculin in 
these previously sensitized rabbits. 
However, when compared to the non- 
treated, partially desensitized animals, 
there was a much more significant 
marked reduction in intensity and size 
of the positive skin reactions in sensi- 
tized rabbits, with an associated nitro- 
gen mustard-induced leukopenia when 
subjected to repeated tuberculin intra- 
cutaneous tests during the same time 
period. 

The in vivo effects of nitrogen mus- 
tard'® are those of fragmentation of 
lymphatic tissue followed by lymphoid 
atrophy, progressive depletion of bone 
marrow with cytotoxic effects on both 
mature and immature elements of bone 
marrow, fall in red blood cells, throm- 
bocytopenia, and a reduction in the 


tuberculin sensitivity in guinea pigs and its 
modification by dietary and hormonal fac- 
tors. Lancet, 1: 1085-1088. 

. Wintrobe, M. M. 1951, Clinical Hematology, 
ed. 3, Philadelphia, Lea & Febiger, pp. 920- 
923. 


number of leukocytes with a maximum 

lymphocytopenia reached in 6 to 8 days 

and granulocytopenia in 15 to 21 days. 

Recovery is usually complete within 

the ensuing 2 to 3 weeks after adminis- 

tration of the drug has been stopped. 

Nitrogen mustard has been shown to 

exert a suppressive action on the local 
and generalized Schwartzman phenome- 
non*°-*8 and a partial inhibiting effect on 
the development of the cutaneous re- 
sponse to tuberculin when administered 
prior to and during the initial phases of 

infection.* It is also noteworthy that X 

radiation™ 6 and nitrogen mustard ad- 

ministration,**?? whose type of action 

20. Becker, R. M. 1948, Suppression of local 
tissue reactivity (Shwartzman phenomenon) 
by nitrogen mustard, benzol, and x-ray irradi- 
ation. Proc. Soc. Exper. Biol. & Med. 69: 
247-250. 

. Schlang, H. A. 1950, The Shwartzman phe- 

nomenon. I. Inhibitory action of nitrogen 
mustard (HN:2). Proc. Soc. Exper. Biol. & 
Med. 74: 749-751. 
Stetson, C. A. and Good, R. A. 1951, Studies 
on mechanism of Shwartzman phenomenon; 
evidence for participation of polymorpho- 
nuclear leukocytes in phenomenon. J. Exper. 
Med. 93: 49-64. 

3. Thomas, L. and Good, R. A. 1952, The effect 
of cortisone on the Shwartzman reaction. 
The production of lesions resembling the 
dermal and generalized Shwartzman reac- 
tions by a single injection of bacterial toxin 
in cortisone-treated rabbits. J. Exper. Med. 
95: 409-428. 

. Orris, L. and Eisen, H. N. 1951, Influence of 
nitrogen mustard on in vivo sensitization re- 
actions. Fed. Proc. 10: 231. 

. Criep, L. H., Mayer, I. D. and Cohen, S. G. 
1950, Effect of X-ray radiation on hyper- 
sensitiveness. J. Allergy, 21: 373-385. 

. Schwab, L., Moll, F. C., Hall, T., Brean, H., 
Hawn, C. V. Z. and Janeway, C. A. 1950, 
Experimental hypersensitivity in the rabbit. 
Effect of inhibition of antibody formation by 
X-radiation and nitrogen mustards on the 
histologic and serologic sequences, and on the 
behavior of serum complement following 
single large injections of foreign proteins. J. 
Exper. Med. 91: 505-526. 

27. Bukantz, S. C., Dammin, G. A., Wilson, 
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on cells resembles the effect of roentgen 
rays,'® both inhibit the development of 
antibody formation, the Arthus phe- 
nomenon, and cardiovascular lesions of 
hypersensitivity. However, in these last 
two instances, its effect has been at- 
tributed to a suppression of formation of 
circulating antibody due to a quantita- 
tive reduction in antibody-producing 
cells. It is of interest that marked 
diminution in intensity and size, but not 
complete inhibition, of the tuberculin 
reaction in nitrogen mustard-treated 
rabbits resembles the results of the effect 
of ionizing X radiation on the lesions 
of experimentally produced contact 
dermatitis to chemicals,?* in that both 
these manifestations of hypersensitivity 
are thought to be mediated by similar 
cellular immunologic mechanisms. 

A true explanation for the findings in 
this study is not apparent and is a mat- 
ter only for speculation. Since inhibition 
of the tuberculin reaction did not occur 
until the 14th to 21st day of an estab- 
lished leukopenia, this suggests that it 
may not have been related to immediate 
cytotoxic effect on mature white cellular 
elements, whose life span has been esti- 
mated at 13.2 days,?® but perhaps rather 
through depression of hematopoiesis. If 
an antibody or factor responsible for 
tuberculin sensitivity is intimately as- 
sociated with the leukocyte, the fact 
that it apparently was active in vivo 
during an induced leukopenia for the 
first 14 to 21 days, representing a time 

K. S., Johnson, M. C. and Alexander, H. L. 

‘ 1949, Inhibitory effect of nitrogen mustard 

(bis beta-chlorethyl amine) on lesions of ex- 
perimental serum hypersensitiveness. Proc. 
Soc. Exper. Biol. & Med. 72: 21-26. 

28. Cohen, S. G., Mayer, J. D. and Criep, L. H. 
1951, The effect of X-radiation on experi- 
mentally produced cutaneous sensitivity. 
J. Invest. Derm. 16: 91-96. 

29. Kline, D. L. and Cliffton, E. E. 1952, Meas- 
urement of white blood cells with radioactive 
phosphorus. Fed. Proc. 11: 84. 


period equal to or exceeding the life 
span of a leukocyte, suggests that: (1) 
it might be active for 14 to 21 days after 
its liberation from a degenerating leuko- 
cyte; (2) its activity depends upon the 
presence of the circulating mature 
leukocyte, and when these had been 
completely destroyed or had disap- 
peared from the circulation after 13.2 
days, its activity was partially depressed 
in proportion to the depression exerted 
on the formation of new cells. The fact 
that the former degree of cutaneous 
sensitivity to tuberculin did not return 
even 4 weeks after the re-establishment 
of normal, hematologic values suggests 
that after mature cells had been de- 
stroyed this cellular antibody or factor 
once liberated could not be fully re- 
tained by subnormal numbers of leuko- 
cytes or by immature cells. Since this 
tuberculin sensitizing antibody has been 
thought to be associated with the lym- 
phocyte® and not the granulocyte," it is 
especially noteworthy that the first sign 
of suppression of the tuberculin reaction 
occurred during the time of reported 
maximum granulocytopenia (15 to 21 
days) rather than that of maximum 
lymphocytopenia (5 to 8 days), unless 
this can be explained on the basis of a 
progressing cumulative action on all 
existing lymphocytes through repeated 
administration of nitrogen mustard. 
The suppressive response of tubercu- 
lin sensitivity in rabbits to nitrogen 
mustard resembles their similar but 
only temporary response to the admin- 
istration of cortisone,!?*°3! whose action 


30. Harris, S. and Harris, T. N. 1950, Effect of 
cortisone on some reactions of hypersensitiv- 
ity in laboratory animals. Proc. Soc. Exper. 
Biol. & Med. 74: 186-189. 

31. Lurrie, M. B., Zappasodi, P., Dannenberg, 
A. M. and Swartz, I. B. 1951, Constitutional 
factors in resistance to infection: the effect of 
cortisone on the pathogenesis of tuberculosis. 
Science, 113: 234-237. 
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also affects a lymphocytolysis. This is 
noteworthy in that ‘‘desensitization”’ in 
tuberculosis has been viewed as possibly 
resulting from a loss of effective circu- 
lating lymphocytes, whether due to 
specific desensitization with tuberculin 
or treatment with adrenal hormones,® 
although Stoerk® feels that in this latter 
regard it may be related to an increased 
degradation of antibody protein by 
cortisone. On the other hand, the possi- 
bility must also be considered that the 
suppression of the tuberculin reaction 
may have been related to an actual lack 
of available circulating and infiltrating 
tissue granulocytes, lymphocytes and 


mononuclear cells of haemic origin 


required for the histologic evolution of 
the cutaneous lesion. However, the fact 
that inhibition of the reaction did not 
occur during the first stage of leukopenia 
and remained suppressed even after the 
re-establishment of normal hematologic 


values is against this. The question also 
arises as to the possibility of the opera- 
tion of similar mechanisms resulting in 
depression of the tuberculin reaction 
both in rabbits with induced leukopenia 
and human patients with certain inter- 
current febrile diseases and cachectic or 
debilitating states. However, in these 
latter conditions the tuberculin anergy is 
transient and previous reactivity reap- 
pears when the nonspecific repressive 
factors disappear. 

Thorium dioxide is a long lived 
natural radioactive material that is 
readily taken up by phagocytic cells and 
cells of the reticulo-endothelial system.* 
The deleterious effects of this material 
are due to the a particles emitted from 


32. Stoerk, H. C. 1950, Inhibition of the tubercu- 
lin reaction by cortisone in vaccinated guinea 
pigs. Fed. Proc. 9: 345. 

3. Maxfield, M. A. and Mortenson, O. A. 1941, 
Use of the radicactive properties of thorium 
for a quantitative study of phagocytosis. J. 
App. Physics, 12: 197-202. 


mesothorium, a disintegration product 
of thorium. Alpha rays are the most de- 
structive rays biologically and the 
ionization due to @ radiation is locally 
intense. Administration of thorium di- 
oxide results in an initial leukopenia of 
short duration with relative lymphocy- 
tosis, cellular destruction and areas of 
necrosis in lymph nodes, and loss of 
lymphoid structure.*-** The elimina- 
tion of thorotrast is insignificant and it 
remains indefinitely in the cells of the 
reticulo-endothelial system,* thus not 
only causing a blocking action on those 
cells but also subjecting these cellular 
elements to a continuous ionizing radi- 
ation effect. By these actions thorotrast 
has been found capable of abolishing 
tolerance to pyrogens*’ and natural and 
acquired immunity and resistance to 
the Shwartzman phenomenon,**-** but 
failed to inhibit anaphylaxis in guinea 
pigs.*° 

The a@ ray activity of 2.5 cc of thoro- 
trast is equivalent to 0.1 ug of radium,™* 


34. Reeve, D. L. and Stuck, R. M. 1938, Clinical 
and experimental results with thorotrast. 
Medicine, 17: 37-73. 

35. Menville, L. J. and Ane, J. N. 1932, Roent- 
gen visualization of lymph nodes in animals. 
J. A. M. A. 98: 1796-1798. 

. Harris, W. H. 1932, Histo-pathological effects 
of thorium dioxide on lymphatic glands of 
animals visualized by the Menville-Ane 
method. Proc. Soc. Exper. Biol. & Med. 29: 
1049-1051. 

. Beeson, P. B. 1947, Tolerance to bacterial 
pyrogens. II. Role of the reticulo-endothelial 
system. J. Exper. Med. 86: 39-44, 

. Beeson, P. B. 1947, Effect of reticulo-endo- 
thelial blockade on immunity to Shwartzman 
phenomenon. Proc. Soc. Exper. Biol. & Med. 
64: 146-149. 

. Bennett, J. L., Jr. and Chiff, E, E. 1951, 
Studies in acquired resistance to the Shwatz- 
man phenomenon. J. Clin. Investigation, 30: 
628-629. 

. Ambrus, J. L., Ambrus, C. M. and Har- 
risson, J. W. E. 1951, The effect of thorotrast 
on anaphylactic phenomenon. Acta Allergo- 
logia, 4: 201 (taken from Allergy Abstracts, 
1952, 17: 25). 
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so that each animal in this experiment 
was subjected to that amount per kg of 
body weight. However, the administra- 
tion of thorium dioxide in this dose did 
not suppress the tuberculin reaction. 
This suggests that the activity of the 
antibody or factor concerned with tuber- 
culin cutaneous sensitivity does not 
depend upon an intimate association 
with the unimpaired activity or sur- 
vival of the above mentioned types of 
cells affected by this agent. The in- 
crease in the degree of intensity and 
severity of the tissue reaction to O.T. in 
tuberculin-sensitive animals following 
the administration of thorium dioxide is 
noteworthy in that proliferation and 
differentiation of the infiltrating mono- 
cytes, local histiocytes and undifferenti- 
ated mesenchymal cells play a promi- 
nent role in the histologic evolution of 
the tuberculin reaction,'’? and it is the 
phagocytic and reticulo-endothelial cells 
that are chiefly affected by the intra- 
venous administration of this agent. It 
is of interest that the type of cellular 
response affected by nitrogen mustard 
administration may be more inhibitory 
on the formation of the tuberculin re- 
action than that resulting from thorium 
dioxide in that cellular components of 
this lesion are derived both from infil- 
tration of cells of haemic origin and by 
hyperplasia and proliferation of indige- 
nous cells of the local reticulo-endothe- 
lial.!7 However the significance of this, 
by microscopic histologic study of the 
cutaneous tuberculin reaction, corre- 
lated with the administration of nitro- 
gen mustard and thorium dioxide, is a 
matter for further investigation. 





SUMMARY 


1. Thirty-five albino rabbits rendered 
tuberculin sensitive by intradermal in- 
fection with BCG vaccine were tested 
intracutaneously with Old Tuberculin at 
weekly intervals thereafter. 

2. Ten of these rabbits received no 
additional treatment and showed a sub- 
sequent and gradual development of 
slight diminution in intensity and size 
of the positive cutaneous reacting sites. 

3. Nitrogen mustard was adminis- 
tered to a series of 15 of the rabbits 
during the period of tuberculin testing. 
By the 14th to 21st day of the induced 
leukopenia there was a marked diminu- 
tion in size and intensity of the tubercu- 
lin skin reaction. In 
survived, tuberculin cutaneous sensi- 
tivity remained diminished despite a 
return to normal hematologic values. 

4. Ten rabbits received thorium diox- 
ide. There was either no change or a 
slight diminution in size of the tubercu- 
lin skin test site, but a slight to moder- 
ate increase in the degree of intensity of 
the cutaneous reaction was noted. 

5. An explanation for these results is 
not apparent. The possible significance 
of these findings are discussed, regard- 
ing: (1) the relationships of tuberculin 
sensitivity, the responsible cellular ‘‘an- 
tibody” or ‘‘factor,’’ and the leukocyte 
affected by nitrogen mustard; and (2) 
the relationship of the histologic cellular 
components of the tuberculin skin test 
and infiltrating phagocytic cells and 
indigenous cells of the local reticulo- 
endothelial system affected by thorium 
dioxide. 


10 animals that 


THE CAUSE OF INCREASED SUSCEPTIBILITY OF MICE TO 
AVIRULENT PASTEURELLA PESTIS AFTER EXPOSURE 
TO A SUBLETHAL DOSE OF X IRRADIATION 


MYRON S. SILVERMAN, PAUL H. CHIN, VIVIAN GREENMAN, AND JOHN C. YOUNG* 
From the Biological and Medical Sciences Division, U. S. Naval Radiological Defense Laboratory, 
San Francisco 24, California 


Schechmeister and Bond! have re- 
ported that mice exposed to a sublethal 
dose of X irradiation were killed by a 
subsequent injection of living or heat- 
killed avirulent Pasteurella pestis or by a 
Seitz filtrate of a broth culture of the 
organisms, but that nonirradiated mice 
were not affected or were affected only 
to a lesser degree. Earlier, Jawetz and 
Meyer? had shown that large numbers 
of avirulent Past. pestis at first invaded 
the host rapidly, but were removed by 
the normal clearing mechanisms. They 
concluded that when death occurred, it 


was due primarily to an intoxication 


Received for publication June 20, 1953. 

This work was supported in part by the office 
of Naval Research, Department of the Navy. 

The opinions or assertions contained herein are 
those of the authors and are not to be construed 
as Official or reflecting the views of the Navy De- 
partment or the naval service at large. 

The authors wish to thank Dr. S. S. Elberg, 
Professor of Bacteriology, University of Cali- 
fornia, Berkeley, California and Dr. K. F. Meyer, 
Director, The George William Hooper Founda- 
tion, University of California Medical Center, 
San Francisco, California for their continued in- 
terest and suggestions, 

Appreciation is also expressed to Mr. H. M. S. 
Watkins, Naval Biological Laberatories, Oakland 
California for his generous gift of Namru strain of 
mice used in the preliminary part of this work. 

* HMI USN. 

1. Shechmeister, I. L. and Bond, V. P. 1951, 
Response of mice to certain avirulent bacteria 
after exposure to sublethal total body x-irradi- 
ation. Proc. Soc. Exper. Biol. & Med. 77: 77- 
80. 

. Jawetz, E. and Meyer, K. F. 1944, The be- 
havior of virulent and avirulent Pasteurella 
pestis in normal and immune experimental ani- 
mals. J. Infect. Dis. 74: 1-14. 


resulting from the plague endotoxin 
initially present in the inoculum, where- 
as death occurring after the injection of 
a small nontoxic dose of virulent or- 
ganisms was a test of susceptibility to 
infection and not to intoxication. 

The recent accumulation of reports 
on increased susceptibility of X-irradi- 
ated animals to infection'*-* and the 
claim of some workers’~® that living 
avirulent Past. pestis is the vaccine of 
choice in plague prophylaxis pointed to 
the importance of determining whether 
such increased susceptibility was due to 
the growth and multiplication of the 
organism in the host tissues or whether 


3. Schechmeister, I. L., Bond, V. P. and Swift, 
M. N. 1952, The susceptibility of irradiated 
mice to infection as a function of post-irradia- 
tion time. J. Immunol. 68: 87-95. 

. Bond, V. P., Shechmeister, I. L., Swift, M. N. 
and Fishler, M. C. 1952, The effects of X ir- 
radiation on a naturally occurring endemic in- 
fection. J. Infect. Dis. 91: 26-32. 

. Kaplan, H. S., Speck, R. S. and Jawetz, E. 
1952, Impairment of antimicrobical defenses 
following total body irradiation of mice. J. 
Lab. & Clin. Med. 40: 682-691. 
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fection and streptomycin treatment in irradi- 
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X rays increased the susceptibility of 
the mouse to plague endotoxin. 

Two methods for determining the 
correct hypothesis were suggested by 
recent work on the antigenic structure 
of Past. Pestis. Baker et al!®™ have 
shown that several antigenic fractions 
can be separated from a water-soluble 
extract of acetone-dried Past. pestis. 
One of these, fraction 1A, was found to 
protect the mouse, rat and monkey 
against infection with the organism, 
but to induce no protection against the 
plague toxin. Fraction II, the endotoxin, 
was found to stimulate antitoxic im- 
munity but not antibacterial immunity. 
Hence, by using the two antigens as 
immunizing agents, one should be able 
to determine whether death following 
injection of avirulent cells was caused 
by the growth of the organisms, or by 
the endotoxin initially present. 

The second method was based on the 
findings of Espana” that the plague 
endotoxin is detoxified by 0.5% formalin 
without alteration of its antigenic struc- 
ture. Heating the toxin at 56 C for 1 to 
4 hours, however, changes neither the 
toxicity nor the antigenicity. Therefore, 
if animals were injected with heat- 
killed organisms in a sufficiently large 
dose, death due to intoxication would 
be expected to follow, provided the heat 
resistance of the cell-bound toxin is the 
same as that of the free toxin. On the 


10. Baker, E. E H., Foster, L. E., 
Meyer, E. and Meyer, K. F. 1947, Antigenic 
structure of Pasteurella pestis and isolation of 
a crystalline antigen. Proc. Soc. Exper. Biol. 
& Med. 64: 139-141. 

11. Baker, E. E., Somer, H., Foster, L. E., 
Meyer, E. and Meyer, K. F. 1952, Studies on 
immunization against plague. I. The isolation 
and characterization of the soluble antigen of 
Pasteurella pestis. J. Immunol. 68: 131-146. 

12. Espana, E. M. 1949, The antigens of 
Pasteurella pestis with special reference to the 
toxin. Thesis, University of 
Berkeley. 


-, Somer, 


California, 


other hand, if the animals were injected 
with a formalin-killed suspension, no 
deaths should result. 


METHODS AND MATERIALS 


White mice of the Webster strain, weighing 18 
to 20 g, were employed throughout this study. In 
all experiments each experimental and control 
group consisted of 10 male and 10 female mice. 

All test mice received 350 r whole body X radi- 
ation, a sublethal dose. Each group of 20 mice 
was exposed in plastic containers rotated on a 
turntable to insure uniform irradiation. Usually 
mice from each experimental and control group 
were exposed simultaneously. The X-ray factors 
were: 250 KVP, 15 ma, 0.5 mm Cu and 1.0 mm Al 
filters. The distance from target to skin was 63.5 
cm and the output in air was 55 r per minute. 

The avirulent strain, A1122, of Past. pestis was 
obtained from the Naval Biological Laboratories. 
This was the same source used by Shechmeister 
and Bond.! The suspensions for injection were 
prepared by growing the organism in flasks of 
Difco brain heart infusion medium shaken at 
room temperature for 24 hours. The organisms 
were collected by centrifugation, resuspended in 
phosphate buffer-saline at pH 7.2 and refriger- 
ated at 5 C until used. Viable cell counts were 
made, using 3% sheep blood agar plates incu- 
bated at 37 C for 48 hours. After determining the 
number of organisms, the suspension was diluted 
to the desired concentration in buffered saline. 
Plate counts were made of the final suspensions 
at the time of injection into the animals. 

The mice were injected subcutaneously with 
0.2 ml of the suspension 6 days after exposure to 
X ray and were observed for 30 days after injec- 
tion. 

In those experiments in which post-mortem 
cultures were prepared, the spleen and, in some 
cases, other tissues showing gross pathological 
changes were ground with sterile sand and saline. 
Aliquots of the tissue homogenates were streaked 
on blood agar, and on replicate plates which con- 
tained 1:800 concentration of chloral hydrate to 
inhibit the spread of Proteus. Difco brain heart 
infusion and thioglycollate broths were also used. 
All cultures were incubated 96 hours before being 
considered negative. Final identification of Past. 
pestis was made by agglutination with antiplague 
serum prepared against strain A1122 and by lysis 
with plague bacteriophage, using the technique 
described by Gunnison, Larson and Lazarus.” 


13. Gunnison, J. B., Larson, A. and Lazarus, 
A. S. 1951, Rapid differentiation between 
Pasteurella pestis and Pasteurella pseudo- 
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Fractions IA and II were prepared essentially 
by the methods described by Baker et al.!°-"" The 
fraction IA preparation used was that designated 
as fraction IA-4L by Silverman et al." Fraction II 
was reprecipitated three times with 0.65 satu- 
rated ammonium sulfate before dialysis. 

Immunization for those mice receiving frac- 
tion IA was accomplished with two subcutaneous 
injections of 35 yg each of alum precipitated 
antigen given a week apart. It has been shown 
previously that the 50% protective dose of this 
preparation consisted of 13 yug.* The mice re- 
ceiving fraction II were given a series of five sub- 
cutaneous injections a week apart, consisting of 
two injections of the toxin diluted 1:10,000 (a 
sublethal dose), two diluted 1:1000 and one di- 
luted 1:100. The diluent used for the toxin con- 
sisted of normal saline containing 0.1% gelatin. 
Eight days after the final injection of antigen, the 
mice were exposed to X radiation and six days 
later the animals were injected with varying 
numbers of Past. pestis, strain A1122. The end 
point of observation was the death of the animal 
within 30 days after challenge. 


RESULTS AND DISCUSSION 


The initial experiments were designed 
to compare the number of organisms 
necessary to kill X irradiated and non- 
irradiated mice. The response of the 
animals to injection of avirulent Past. 
Pestis is shown in table 1. 

It can be seen that mice exposed to a 
sublethal dose of X rays succumbed in 
greater numbers than the normal mice 
to each dose of organisms, providing the 
number of organisms is within the toxic 
dose, but not so large as to reach the 
LD! for nonirradiated animals. Fur- 
thermore, smaller numbers of organisms 
were required to kill the irradiated mice. 
Below a certain minimum dose, how- 
ever, no significant mortality occurred 
in either group. This minimum dose 
was smaller for the X-radiated group 


tuberculosis by action of bacteriophage. J. 
Infect. Dis. 88: 254-255. 

. Silverman, M. S., Elberg, S. S., Meyer, K. F. 
and Foster, L. 1952, Studies on immunization 
against plague. III. Quantitative serological 
studies on an immunizing antigen of Pasteur- 
ella pestis. J. Immunol. 68: 609-620 


TABLE 1.—Mortality in the Webster strain of 

mouse injected subcutaneously with varying num- 

bers of avirulent Past. pestis. strain A1122, 6 days 
after sublethal X irradiation. 


Nonirradiated 


X-irradiated 


Number of 
organisms 
injected 


Dead / 
total 


Percent 
deaths 


Percent 
deaths 


-4X108 
4X10’ 
1 X10? 
8 X108 
.9 K106 
4 X108 
-4X105 
ontrols 


100 
85 
20 
10 

0 
10 
5 
0 


Om aw 
ty | 
noeno 


=m oO 


| AQwwe 


ies 
= 


than for the nonradiated mice, again 
suggesting that death was not due to 
multiplication of the organisms in the 
host but rather to the toxin injected. 
If the former mechanism occurred, as 
Jawetz and Meyer? have pointed out, 
death would eventually follow even in 
those animals receiving the smaller num- 
ber of organisms, when the number in- 
creased sufficiently to produce an intoxi- 
cation. 

Further support of this hypothesis 
was obtained from the data in table 2, 
in which the responses of groups of ir. 
radiated and nonirradiated mice to 
heat-killed and formalin-killed suspen- 
sions of Past. pestis are compared. 
Heat-killed organisms were lethal for 
both irradiated and nonirradiated mice 
when given in sufficiently large doses, 
there being no significant difference 
between the two groups. The formalin- 
killed cells, on the other hand, were 
without effect on either group of mice. 
The few deaths obtained in these groups 
of animals were probably not significant. 
Therefore, it seems apparent that de- 
struction of the toxin prevents the 
lethal effect of a large dose of avirulent 
Past pestis. 

Further evidence that death is due to 
the toxic effects of the organism was 
provided in experiments in which one 
group of mice was immunized with frac- 
tion IA, thereby inducing an antibac- 
terial immunity, and a second group 
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TABLE 2. 


Heat-killed 
X-irradiated 
Challenge dose 


Dead Dead 


Percent 


dead 


Total Total 


1.0 X10? 20 /20 100 19/19 

5.0 X108 18/2 19/20 

1.0 X108 11 7/20 

5.0 x107 5 4/20 
Irradiation controls 


was injected with fraction II, thus stim- 
ulating an antitoxic immunity. Table 3 
shows that the antibacterial immunity 
conferred no significant degree of pro- 
tection on either the irradiated or non- 
irradiated animals. Fraction II, on the 
other hand, completely protected both 
groups of mice. It can be inferred, 
therefore, that death was due to the 
amount of toxin introduced with 
initial dose of organisms injected. 


the 
Bacteriological studies at necropsy 
showed that Past. pestis could be iso- 
lated from the spleen of some of the ani- 
mals as late as 12 days post infection. 
Recovery of Past. pestis was independ- 
ent of exposure to X rays. The organism 
was isolated animals im- 
munized with fraction IA but only from 
one animal immunized with fraction II. 
It is possible that a greater number of 
positive cultures may have been ob- 
tained if, in addition to the spleen, the 
regional lymph node and liver had also 
been cultured. In addition, in some 
cultures Past. pestis may have been 
overgrown by other organisms, particu- 
larly by Proteus, since it was not always 
possible to do the bacteriological exami- 
nations immediately upon death, and, 
in some cases, several hours may have 
elapsed between death and autopsy. 
The isolation of avirulent Past. pestis 
from the spleen of animals injected with 
the organism is in agreement with the 
recent results of Walker et al. These 
workers were able to isolate strain A1122 


from some 


Nonirradiated 


Comparison of the mortality of mice injected with either heat-killed or formalin-killed 
suspensions of avirulent Past. pestis after exposure to a sublethal dose of X rays. 


Formalin-killed 


X-irradiated 
Dead 


Nonirradiated 
Dead 
Total 


Percent 
dead 


Percent 


dead 


Percent 


Total dead 





20 10 0/19 0 


? 

1/20 we 0/20 0 
1/20 ‘ 0/20 0 
1/20 . 0/20 0 
1/20 5.0 


from mice for as long as 9 days after 
inoculation with either 10,000 or 100,000 
organisms. They concluded that this 
strain did not multiply excessively, if at 
all, in the host, but merely persisted in 
the spleen. 

The predominant organisms isolated 
from those animals which yielded nega- 
tive cultures for Past pestis were Proteus, 
coliforms and Pseudomonas. Miller et 
al'® reported that these organisms, 
among others, were isolated from the 
blood and from the spleen of animals 
sacrificed during the second week after 
exposure to 600 r or 450 r. Schech- 
meister and Bond! also reported the 
isclation of normal enteric bacteria 
from various organs cultured from mice 
serially sacrificed after exposure to 
350 r dose of X rays and injection with 
avirulent Past. pestis. The present stud- 
ies indicate that these organisms may 
have played a role in the death of these 
animals. too. However, it should be em- 
phasized that in the work reported here 
all bacteriological studies were done 
after the death of the animals. There- 
fore, it is possible that these organisms 


15. Walker, D. L., Foster, L. E., Chen, T. H., 
Larson, A. and Meyer, K. F. 1953, Studies on 
immunization against plague. V. Multiplica- 
tion and persistence of virulent and avirulent 
Pasteurella pestis in mice and guinea pigs. J. 
Immunol. 70: 245-252. 

. Miller, C. P., Hammond, C. W. and Tomp- 
kins, M. 1951, The role of infection in radia- 
tion injury. J. Lab. & Clin. Med. 38: 331- 
343. 
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” 
TABLE 3.—The effect of immunization with antigenic fractions of Past. pestis on the mortality of 
mice injected with avirulent Past. pestis after exposure to a sublethal dose of X irradiation. 





X-irradiated Nonirradiated 


Immune 
Challenge dose —— -— 
Dead 


Total 





Nonimmune 


Dead 


Immune Nonimmune 
Dead 


Total 





Dead 





Percent 
deaths 


Percent 
deaths 


Percent 
deaths 


3 Percent 
Total deaths 


Immunized with fraction IA 





1.05 108 9 

5.3 107 10 

1.05 X107 1 
Phosphate-saline 1 


11/15 
$/15 
2/18 
1/15 


13/16 
§/18 
5/18 


1.05 X108 

5.3 107 

1.05 X10" 
Phosphate-saline 





may have invaded the tissues during the 
agonal stage or after death. 

In order to rule out the possibility 
that a selective growth of more virulent 
organisms from the bacterial population 
may have occurred in the irradiated 
host, 15 cultures of Past. pestis isolated 
at autopsy were screened in nonirradi- 
ated virulence. 
Groups of 20 mice each were given sub- 
cutaneous injections of approximately 
1X10’ organisms, a sublethal dose as 
far as the parent strain was concerned. 
None of the cultures tested caused the 
death of the nonirradiated animals, 
indicating that, in those cultures tested, 
no increased had occurred. 

Although the number of avirulent 
Past. pestis required to kill irradiated 
animals was found to be less than that 
necessary to kill normal animals, the 
amounts injected were still within the 
toxic range of this strain. For example, 
Jawetz and Meyer? found that the toxic 
dose of their cultures of Past. pestis 
strain A1122 for the mice employed was 
4X 10® organisms, whereas for the Web- 
ster mice the LDs) dose of the culture 
used in this investigation was found to 
be 2.6107 for the nonirradiated ani- 
mals. In the X-irradiated animals it was 
7.0 X 10° organisms. 

Based on the findings that (1) or- 


mice for increased 


virulence 


2/20 


Immunized with fraction LI 


on 
od 
7 


ganisms detoxified with formalin were 
not lethal and (2) that fraction II, the 
endotoxin, conferred immunity on the 
animals, while fraction IA, the antibac- 
terial envelop antigen, did not elicit pro- 
tection against avirulent Past. pestis 
when injected in large numbers, it must 
be concluded that the cause of death of 
animals infected with this organism 
after exposure to sublethal doses of X 
irradiation is due to the toxin present 
in the original inoculum, and is similar 
to the cause of death in similarly treated 
but nonirradiated animals. The former 
group, however, is more susceptible to 
the toxin than the latter. Until the 
pharmacological and __ physiological 
effects of the plague endotoxin are 
more clearly understood, the mechanism 
of increased susceptibility of X-radiated 
animals to the toxin 
plained. 


cannot be ex- 


The increased susceptibility to plague 
toxin of animals exposed to sublethal 
doses of X ray is not unique. Adler and 
Schechmeister™ recently reported that 
such animals succumbed to approxi- 
mately half the dose of Clostridium 


17. Adler, F. L. and Shechmeister, I. L. 1952, 
Effect of sublethal total body X-irradiation 
on susceptibility of mice to Clostridium sep- 
ticum toxin. Proc. Soc. Exper. Biol. & Med. 
80: 660-664. 
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septicum toxin required to kill non- 
irradiated mice. Unpublished data from 
our laboratory indicates that irradiated 
mice require less tetanus or diphtheria 
toxin to kill them than do nonirradiated 
animals. It appears, therefore, that there 
is a generally increased susceptibility of 
X-radiated animals to bacterial toxins. 

The general stress of radiation injury 
is probably sufficient to lower the re- 
sistance of many of the susceptible tis- 
sues and organs, so that it should not 
be surprising that a decreased resistance 
not only to bacterial infection but also 
to the bacterial toxins occurs. 


SUMMARY 


1. The mechanism by which an aviru- 
lent strain of Pasteurella pestis induces 
fatality in mice exposed to sublethal 
doses of X ray has been investigated. 

2. Formalin-killed organisms in 
which the endotoxin of Past. pestis was 
presumably detoxified, do not cause the 


death of either irradiated or nonirradi- 
ated mice when injected in comparable 
numbers. Heat-killed organisms, in 
which the endotoxin activity is pre- 
served, were found to be lethal to both 
groups of animals. 

3. Immunization of mice with frac- 
tion II, the plague endotoxin, followed 
by exposure to X rays conferred com- 
plete protection upon the animals 
against subsequent injection with living 
avirulent Past. pestis. Immunization 
with fraction IA, the antibacterial anti- 
gen, however, did not protect the ani- 
mals. 

4. No increased virulence could be 
detected among clones of Past. pestis 
isolated at necropsy. 

5. It is concluded that the increased 
mortality in groups of animals injected 
with an avirulent strain of Past. pestis 
after exposure to a sublethal dose of X 
rays is due to increased susceptibility 
of the animals to the plague endotoxin. 
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Reports from various parts of the 
world indicate that swine are important 
hosts for Leptospira pomona.'— Evi- 
dence of infection by this organism has 
also been demonstrated in other species, 
including cattle and man.*-° It has been 
established that pigs may serve as reser- 
voir hosts for the disease in man;? fur- 
thermore, there is reason to believe that 
an interchange of infection occurs be- 
tween swine and cattle.'°! The disease 
produced in pigs by Lept. pomona has 
not yet been fully defined, nor has its 
significance been appraised. 

The following investigations were ini- 
tiated to consider certain aspects of the 
problem of leptospirosis in swine that 


seemed to be of importance: (a) a de- 
termination of the incidence of Lept. 
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pomona in the swine population, (b) the 
characterization under controlled experi- 
mental conditions of Lept. pomona in- 
fection in swine, (c) the possibility that 
infected pigs might be a reservoir of in- 
fection for cattle. 


INCIDENCE OF LEPTOSPIRAL INFEC- 
TION IN SWINE 


To gain some idea of the incidence in 
swine in the United States, serological 
surveys offered the best method of ap- 
proach, although such surveys are sub- 
ject to many variable factors, and would 
constitute an enormous task if statisti- 
cally valid results were to be obtained. 
It was thought that serological studies 
of pigs coming to market would provide 
some information of the incidence, since 
pigs from several areas would be repre- 
sented. Accordingly, serum samples 
were collected from pigs killed in large 
abattoirs in Chicago, Illinois and Den- 
ver, Colorado, and probably represented 
animals from certain midwestern and 
intermountain states. In the collection, 
blood samples were obtained from pigs 
at the time of slaughter. To make the 
sampling as random as possible, approxi- 
mately every tenth animal was bled. In 
Chicago, where pigs were killed at the 
rate of 400 per hour, a total of 186 se- 
rums, in 2 collections a month apart, 86 
in one and 100 in the other, were ob- 
tained. In Denver, the slaughter rate 
was 150 per hour, and 99 samples were 
collected. 

Presence of antibodies was deter- 
mined by the agglutination lysis test on 
all serums for Lept. pomona and on 
some for Leptopsira icterohemorrhagiae. 
In the test for Lept. pomona, antigen 
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consisted of allantoic fluids from eggs 
infected with Cornell T262 strain, while 
the antigen for Lept. icterohemorrhagiae 
consisted of organisms that had been 
grown in modified Schuffner’s medium.” 
Antigen was mixed with an equal por- 
tion of diluted serum. After incubation 
for 1 hour at 37 C, each mixture was 
examined by darkfield microscopy and 
a serum considered positive if half or 
more of the organisms was agglutinated 
or lysed. In every series of tests, known 
negative serums were included. 

These findings are presented in table 
1, where it can be seen that 63 (22%) 
out of 285 samples were positive at dilu- 
tions of 1:200. It is interesting to note 


TABLE 1.—A serological survey of swine 
for Lept. pomona, 


Number 





. P Number " 
Groups tested positive* Percent 
A. Chicago 86 16 19 
B. Chicago 100 21 21 
C. Denver 99 26 27 
Total 285 63 22 





* 50% agglutination-lysis at 1:200. 


that similar results were obtained in all 
groups of animals tested. Although not 
shown in the table, the 21 samples in 
group B that were found to be positive 
at dilutions of 1:200 were further 
diluted and 13 reacted at 1:1000 and 7 
at 1:10,000. Furthermore, the 100 sam- 
ples in this same group were tested 
against Lept. icterohemorrhagiae and 
only 2 were found to be positive. The 
reactions, however, were only partial at 
the dilution tested (1:200). 

Additional studies were made on 
aliquots of 39 serial lots of anti-hog 
cholera serums obtained from a large 
midwestern plant.* Each sample repre- 
sented the bleedings of up to 175 hogs, 
12. Van Thiel, P. H. 1948, The Leptospiroses. 

Leiden, Universitaire Pers. 

* Obtained through the courtesy of Dr. B. J. 

Gray, Fort Dodge Laboratories. 


and each lot was made up of entirely 
different animals. In all, 6346 different 
pigs were represented. The tests showed 
that all 39 samples were positive at 
dilutions of 1:200 and 32 reacted at 
dilutions of 1: 2000. 

Many of the hogs examined showed 
pathological changes in their kidneys 
that resembled the ones produced ex- 
perimentally with Lept. pomona. Ac- 
cordingly, an attempt was made to 
correlate the occurrence of these lesions 
with the serological findings for Left. 
pomona. Kidneys of 114 of the pigs 
bled in Chicago were collected and 
examined for gross lesions. Macroscopic 
changes usually involving both kidneys 
and consisting of grayish white areas 
that varied in size, shape, and distribu- 
tion were noted in 20 of these. Kidneys 
from 5 of these animals were scarred and 
somewhat shrunken, with fibrous tissue 
extending through the cortex and me- 
dulla. After noting the gross changes, a 
wedge of tissue extending from the cor- 
tex through the medulla to the pelvis 
was removed from the greater curva- 
ture of at least one kidney of each pig, 
and immediately placed in a vial con- 
taining 10% formalin. Tissues were in 
the fixative within 1 hour following the 
death of the pig. Histological studies 
were made of all kidneys collected. 
Sections were cut at 5 uw and stained by 
hematoxylin and eosin. Additional sec- 
tions of certain kidneys were also silver 
impregnated by the modified Warthin- 
Starry method" for demonstration of 
leptospiras. Results are shown in table 2. 

As can be seen in table 2, 25 (20%) 
of the 114 swine tested contained anti- 
bodies against Lept. pomona, whereas 
the kidneys of 57 revealed histopatho- 
logical lesions. Of the serologically posi- 
tive animals, 19 showed lesions. 


13. Faulkner, R. R. and Lillie, R. D. 1945, Stain 
Tech. 20: 81-82. 
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Subjecting the data in table 2 to a 
Chi square analysis gave a value of 7.37 
which is highly significant (P = <0.01). 
It must be pointed out that the evalua- 
tion of this analysis was limited by a 
number of factors, of which one of the 
most important was the fact that only 
an extremely small proportion of each 
kidney was examined. The type of le- 
sions could also have had considerable 
influence on the analysis. In this case, 


TABLE 2.—Correlation of Lept. pomona antibodies 
and microscopic kidney lesions found in 
marketed pigs. 





Number of Number of 
pigs with pigs without 
lesions lesions 





Serological study Total 





Number of pigs with 

antibodies 19 
Number of pigs with- 
out antibodies 38 





Total 57 





however, 56 of the kidneys examined 
had varying degrees of interstitial 
nephritis, which is the lesion of experi- 
mental leptospirosis. Recognizing these 
limitations then, it is probable that a 
significant number of the kidney le- 
sions'*> that are seen in pigs coming to 
slaughter are caused by leptospiral in- 
fections. 

Silver staining of kidney sections re- 
vealed leptospiras in 7 of the 25 pigs 
that had leptospiral antibodies. Also, 
guinea pigs were inoculated with sus- 
pensions of kidneys from 5 that were 
apparently normal and from 5 that 
showed lesions. A strain of Lept. pomona 
was isolated from one of the kidneys 
that had no lesions, and, furthermore, 
that came from a pig that had no anti- 
bodies against this leptospira. 


14. Florin, M. C. 1941, Porcine Nephritis, Thesis, 
Cornell University. 

15. Nieberle, K. and Cohrs, P. 1949, Lehrbuch 
der Speziellen Pathologischen Anatomie der 
Haustiere, 3. Aufl. Jena, Verlag Gustav 
Fischer. 


EXPERIMENTAL DISEASE 


Production.—The swine used in this 
study were of mixed breeds and were 
obtained either from a herd of disease- 
free animals maintained by this labora- 
tory or from local farms. Except for the 
baby pigs born to sows on experiment, 
the ages at the time of use ranged from 
3 weeks to approximately 1 year. A few 
of the animals used in exposure tests had 
recovered from other experimental in- 
fections but, as far as could be ascer- 
tained, were free from any infection 
when these experiments were initiated. 
Pigs were fed commercial feeds made of 
mixed grains. All disease studies were 
conducted in isolation units to avoid 
complications by extraneous infections. 

The material used for inoculation con- 
sisted of defibrinated blood pooled from 
two or more guinea pigs infected with 
a strain of Lept. pomona, designated 
“MLS,” that had been maintained by 
serial passage in guinea pigs, since its 
original isolation from a dead calf 
showing jaundice in November, 1951. 
Each inoculum used was tested for the 
presence of infective leptospiras by 
inoculation of guinea pigs. Also, main- 
tenance of virulence for calves was 
demonstrated by production of typical 
illness. Pigs were inoculated by several 
methods: (a) of a group of 22 pigs and 
3 pregnant sows, each was inoculated 
subcutaneously with either 1.0 or 1.5 
ml of inoculum representing 14 to 85 
serial passages in guinea pigs; (b) of a 
group of 7 pigs, each was inoculated in- 
tranasally with 1 ml of inoculum that 
represented 71 and 77 passages; (c) of a 
group of 7 pigs, each was given 1 ml 
orally that represented 71 and 73 pas- 
sages; and (d) a group of 10 pigs was 
placed in pens with others that previ- 
ously had been infected. 

Following inoculation, all animals 
were observed daily for increased tem- 
perature and other signs of illness. At 
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TABLE 3.—Production of Leptospirosis in swine. 








Infection demonstrated by: 








Total 
Route of number 
inoculation Isolation Serology of pigs 
and serology only infected 
Intranasal 7/7* 0/7 7/7 
Subcutaneous 24/25 1/25 25/25 
Oral 1/7 0/7 1/7 
9/10 1/10 10/10 


Contact 





* Numerator =number of pigs infected; denominator 
=number of pigs used. 
the time of inoculation and at various 
intervals thereafter, tests were made for 
evidence of infection by usual methods, 
including isolation of leptospiras from 
infected pigs either by cultivation in 
Schuffner’s medium or inoculation of 
guinea pigs,’® demonstration of lepto- 
spiras in infected material by darkfield 
microscopy and silver stains, and sero- 
logical studies using the agglutination- 
lysis test. Urine samples from a number 
of pigs were studied at periodic intervals 
during experiments for changes in spe- 
cific gravity and pH, and for the pres- 
ence of albumin and casts. The results 
are presented in table 3. 

As can be seen from table 3, all ani- 
mals inoculated subcutaneously, in- 
tranasally, and by exposure became in- 
fected. In feeding ex,eriments, however, 
only 1 out of 7 developed infection. It 
was interesting to note that the oral 
mucosa of this pig became lacerated 
while being restrained. The possibility 
that leptospiras entered through this 
wound may have complicated the 
method used. 

Clinical features.—Following inocu- 
lation, 22 of 33 pigs showed an elevation 
in temperature in 7 to 13 days which 
ranged from 105 to 107 F and usually 
lasted 24 to 36 hours. Several pigs re- 
sponded for a short time only and, if 
temperatures had not been taken twice 
daily, the thermal responses would not 
have been noticed. In general, the incu- 


16. Baker, J. A. and Little, R. B. 1948, J. Exper. 
Med. 88: 295-307. 


bation period was related to the route 
of inoculation; pigs infected subcutane- 
ously responded with an elevated tem- 
perature sooner than those inoculated 
by the intranasal route. During the 
period of elevated temperature and 
throughout the experiments, all except 
one pig remained alert and ate normally. 
This animal was stunted at the time of 
inoculation, having had transmissible 
gastroenteritis 6 weeks previously. Fol- 
lowing inoculation, temperatures be- 
came subnormal and the pig died 14 
days later. An autopsy examination 15 
hours after death revealed an intense 
icterus. Post-mortem autolysis made 
lesions difficult to evaluate, but it was 
noted that the pericardial sac was 
thickened and distended with a sero- 
sanguineous fluid. Darkfield examina- 
tion of this fluid revealed numerous ac- 
tive leptospiras. 

Samples of urine collected either 
prior to inoculation or early in the in- 
fection were found to have specific 
gravities within the normal range of 
1.025 to 1.040. These values became 
lower, usually less than 1.010, about 3 
weeks after inoculation. In 2 of the pigs 
that were retained on experiment for 4 
and 5 months, the specific gravity re- 
mained low throughout this period. All 
infected pigs also were found to have 
albumin in the urine, concurrent with 
the lowering of the specific gravity. 
These changes are shown in figure 1. 

The pH values of the urines varied 
from acid to alkaline but were usually in 
the alkaline range. The numbers of 
visible leptospiras did not seem to be 
affected by pH, since some urines in the 
acid range showed numerous organisms 
while in others the converse occurred. 
It was interesting to note that urines 
with a pH of 7 or above usually had 
active leptospiras, while in those that 
tested below 7, the organisms appeared 





LEPTOSPIROSIS IN SWINE 








Albuminuria 


Urine Specific Gravity 





Serological Response 


Leptospiremia 


pain 


Leptospiruria 


Body Temperature 
| ! ! | 1» 
1) 7 14 2i 28 35 
DAYS AFTER INOCULATION 











* Highest dilution tested was 1:100,000 


Fic. 1.—Typical clinical features shown by a pig inoculated subcutaneously with Lept. pomona. 


inactive but were nevertheless viable, 
since they were still infective for guinea 
pigs. 

In examination of sediments, casts 
that were predominantly cellular al- 
though sometimes hyaline were only 
rarely noted. They were mostly seen in 
the chronic cases. Many urines from 
chronically affected pigs contained leu- 
kocytes. On rare occasions red blood 
cells were noted. 

The studies on the pregnant sows 
varied, and therefore findings are pre- 
sented separately. Sow I.—Following 
inoculation no elevation of temperature 
was noted. One attempt to isolate 
leptospiras from the blood failed; how- 
ever, the urine was shown to contain 
leptospiras on the day of parturition, 
which occurred 19 days post-inocula- 


tion. Fifteen hours after the sow far- 
rowed, one pig appeared jaundiced, 
depressed, and was standing away 
from the others. Its serum had an 
icteric index of 25. The pig was de- 
stroyed and autopsy revealed icteric 
tissues and a liver that contained numer- 
ous gray foci. Leptospiras were isolated 
from tissue suspensions. The other 7 
pigs of the litter showed no evidence of 
clinical disease. They were bled 24 hours 
after suckling, and at weekly intervals 
for a period of 1 month. Attempts to 
isolate leptospiras from these failed. 
Sow II.—This animal was inoculated 12 
days before parturition. The sow showed 
a rise in temperature 1 day prior to 
farrowing. She delivered 5 pigs in a nor- 
mal manner. The pigs were not allowed 
to suckle. Twenty-four hours after birta 
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they were destroyed; no lesions were 
seen nor were leptospiras isolated from 
any of them. Sow III.—Nine pigs were 
farrowed by this sow 30 days after inocu- 
lation. The sow did not develop a high 
temperature. All pigs were apparently 
normal when born. Four were not al- 
lowed to suckle and, when destroyed 
and examined, showed no lesions. The 
other 5 pigs were allowed to have 
colostrum for 36 hours and were then 
bled. Attempts to isolate leptospiras 
from the sow as well as the pigs were 
negative. 

Pathology.—Studies for the pathologi- 
cal effects of porcine leptospirosis were 
made on 26 experimental pigs de- 
stroyed at varying intervals after be- 
coming infected. Seven animals were 
sacrificed during the period of tempera- 
ture elevation, and groups of 2 or 3 
each were destroyed at intervals of 1, 2, 
3, 4, 6, 8, 10, and 20 weeks after either 
the thermal response in those that re- 
acted, or the serological response in 
those that did not. Several methods of 
sacrificing utilized. For 
electrocution was the 
method of choice. Smaller pigs were de- 
stroyed by chloroform, nembutal, or by 
stunning with a sharp blow on the skull 
followed by bleeding out from the jugu- 
lar vein. The animals were autopsied 
immediately, the various organs exam- 
ined and small sections of tissue from 
each placed in 10% formalin. Tissues 
were sectioned and stained with hema- 
toxylin and eosin. 


swine were 


larger hogs, 


Examination of the animals destroyed 
during the period of temperature eleva- 
tion for gross lesions revealed a few 
scattered petechial and ecchymotic 
hemorrhages in the lungs of 3 of the pigs. 
The livers of 2 of the same 3 were pale 
in color, slightly mottled, and friable. 
All other organs appeared normal. No 
gross changes were seen in the other 4 
pigs destroyed during the same period. 


In animals killed later in the course of 
the infection, the only lesions noted were 
in the kidneys, and these were seen in 
all but 3 pigs. In those with lesions, the 
extent and involvement of the kidneys 
seemed to be in proportion to the length 
of time the pigs had been infected. There 
were no macroscopic changes noted in 
the kidneys of any pigs sacrificed 1 to 2 
weeks after temperature elevation. 
Three weeks afterwards, however, a few 
small grayish-white raised areas, 1 to 2 
mm in diameter, were present (see fig. 
2); when the kidneys were cut these did 
not extend into the cortex. The kidneys 
of pigs destroyed after 4 weeks and later 
showed an increasing number of white 
spots that varied in size and shape; 
many of these whitened areas, as they 
developed, appeared as_ depressions, 
which on the cut surface extended into 
the medulla. The capsule became diffi- 
cult to strip off; following stripping the 
surface of some kidneys was roughened 
with many fine depressions. As the infec- 
tion progressed, kidneys showed evi- 
dence of scarring. They appeared 
shrunken, and small bands of fibrous 
tissue were seen both on the surface and 
extending into the parenchyma. 

Microscopic examination of sections 
from the lungs of animals that showed 
gross lesions early in the course of the 
infection revealed hemorrhages that 
varied from involvement of 1 or 2 
alveoli to somewhat larger areas of the 
parenchyma. No lesions were seen in the 
lungs of the other 4 pigs. Areas of de- 
generation were found in the livers of 
all 7 pigs that were represented by 
nuclear changes of pyknosis and karyor- 
rhexis and an increased granularity of 
the cytoplasm of hepatic cells. Occa- 
sional small focal accumulations of 
mononuclear leukocytes were seen in the 
parenchyma as well as in the perilobular 
interstitial tissue. There was no evi- 
dence of dissociation or disruption of 
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Fic. 2A (top).—Kidney from a pig inoculated with Lept. pomona. Note light areas that represent 
typical lesions. 


Fic. 3B (bottom).—Section from kidney of a pig 3 weeksafter inoculation with Lept. pomona, showing 
cellular infiltration. Hematoxylin and eosin stain. «325. 
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hepatic cords as described for lepto- 
spirosis in other species. In the one pig 
that showed jaundice at birth, focal 
areas of necrosis were seen throughout 
the organ. There were mixtures of 
leukocytes, predominantly mononuclear 
but including many neutrophiles, sur- 
rounding and infiltrating these areas. In 
the kidneys, small areas of tubular de- 
generation were noted, and an occa- 
sional focal area of inflammatory reac- 
tion represented by infiltrations of 
mononuclear cells was seen in the inter- 
stitial tissue. There was some capillary 
congestion, particularly in the medulla. 
An occasional extravasated erythrocyte 
was noted. The glomeruli and vessels 
appeared unchanged. No lesions were 
found in the cerebrum, cerebellum, 
spinal cord, lymph nodes, spleen, ad- 
renal glands, liver, testicles, ovaries, 
uterus, skeletal muscle, and cardiac 
muscle. 

In later stages of infection micro- 
scopic lesions were found only in the 
kidneys. These appeared similar what- 
ever the stage of infection and were 
represented predominantly by infiltra- 
tions of mononuclear cells (see fig. 3). 
There was no predilection for any par- 
ticular area of the kidney, both cortex 
and medulla being involved, nor was 
there any restriction as to size of the 
infiltrating process, although most were 
small. The distribution was mostly 
focal; however, in some kidneys, the 
infiltrative areas were rather diffuse. 
Localization was perivascular, peri- 
glomerular, and mostly intertubular. 
The mononuclear cells were of several 
types. Lymphocytes, monocytes, plasma 
cells, and polyblasts were seen. Some 
cells were young and showed evidence 
of mitosis. Rarely, a few neutrophiles 
were observed. Tubules, except in the 
areas of infiltrations, did not seem to be 
involved. Cellular and hyaline casts 
were seen occasionally in the lumina of 


the tubules. In kidneys from pigs that 
had been infected for long periods, 
tubules were dilated, and occasionally 
hyperplastic changes were observed. In 
a few kidneys there was evidence of 
fibrous connective tissue proliferation. 
This change was always slight, and 
generally was found surrounding vessels. 
Occasionally, small bands of fibrous 
connective tissue were observed sur- 
rounding tubules. Glomeruli were not 
involved. This was true in spite of the 
fact that in some instances they were 
almost completely surrounded by cellu- 
lar infiltrations. No vascular abnormali- 
ties were noted. It seems important to 
point out that leptospiras were isolated 
from all kidneys that had lesions. 

Presence and persistence of leptospiras 
in the blood and urine of infected pigs. 
From 17 animals inoculated either sub- 
cutaneously or intranasally, tests were 
made to determine if leptospiras were 
present in the blood. In general, most 
pigs were bled only once but a few 
were tested 2 or more times. Of the 17 
pigs tested, leptospiras were found in the 
blood of 14, isolations having been made 
as early as the 3rd day and as late as the 
12th day following inoculation. 

To study persistence, urines from 34 
infected pigs destroyed at varying inter- 
vals were tested for leptospiras and all 
but 3 were found excreting the organism. 
These 3 were also the ones that did not 
have kidney lesions. Leptospiras were 
seen in the urine of some pigs as early 
as the 12th day after inoculation and 
were isolated from all 31 pigs at the 
time of their death. In 2 pigs that were 
kept longest, the organisms persisted in 
the kidneys and urine of one 159 days 
after inoculation, and in the other, 
leptospiras were present in the kidney 
140 days after the pig had become in- 
fected by exposure. 

Usually leptospiras were readily seen 
by darkfield examination of unconcen- 
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trated urine, and the numbers of or- 
ganisms frequently were as numerous as 
those grown in culture. The quantity 
observed in the urine of a given pig, 
however, varied from day to day and 
even during the same day. On occasion, 
several consecutive darkfield examina- 
tions revealed no organisms, only to be 
followed by one that did. Also, some 
darkfield examinations were negative 
but the urine was usually found to be 
infective for guinea pigs. 
Serology.—Following inoculation with 
Lept. pomona, all animals except those 
destroyed too early developed antibod- 
ies against this organism. Usually anti- 
bodies became demonstrable 12 to 15 
days after inoculation although in sev- 
eral cases titers were demonstrated as 
early as the 8th day. Once antibodies 
appeared, a high blood concentration 
was reached in a short time, and the 
level was maintained until the animal 
was destroyed. An occasional pig, how- 
ever, never showed a titer above 1:2000. 


A typical serological response is pre- 
sented in figure 1. 
Serums from 


the 3 sows and their 
pigs were studied. Sow I showed anti- 
bodies 8 days following inoculation and 
developed a titer of 1:4000 that re- 
mained constant during the time on 
experiment. Serums from 7 of her pigs, 
not including the one that developed 
jaundice, were tested periodically until 
they were 30 days of age. The day after 
suckling, all showed approximately the 
same titer as the sow. This was followed 
by a progressive decline in antibodies 
during the month of testing to titers of 
1:80 to 1:320. The jaundiced pig had a 
titer of 1:80 when destroyed. Neither 
sow II nor her litter developed lepto- 
spiral antibodies. Sow III, like sow I, 
had antibodies 8 days after inoculation, 
and 12 days later developed a titer of 
1:64,000 that remained constant until 
she was destroyed. No antibodies were 


found in 4 of her pigs that were not 
allowed to suckle, whereas the 5 that 
received colostrum had the same titer as 
the sow. Only the one test was made on 
the latter group. 


EPIDEMIOLOGY 


An effort was made todemonstrate the 
transmissibility of Lept. pomona infec- 
tion between swine and cattle. In one 
experiment, 3 pigs and 1 calf were ex- 
posed to 3 infected pigs. In a second test, 
2 pigs and another calf were exposed to 
2 more infected pigs. The third experi- 
ment utilized 5 pigs and 2 calves in ex- 
posure to 4 infected pigs. In a reciprocal 
test, 3 pigs were exposed to an infected 
calf. In another trial, this was repeated 
with 4 pigs exposed to a calf. Presence 
of leptospiras in the urines of infected 
animals was established by guinea pig 
inoculations. Temperatures of all ani- 
mals were taken daily and observations 
were made for other signs of illness. At 
intervals throughout the experiments, 
blood and urine of exposed animals were 
checked for evidence of leptospiral in- 
fection by isolation attempts and sero- 
logical studies. The results of exposure 
tests are shown in table 4. 

As can be seen in table 4, infection 
occurred in all calves and pigs exposed 
to infected pigs. The time between ex- 
posure and demonstration of infection 
varied from 12 to 45 days. Pigs exposed 
to infected calves failed to contract in- 
fection. 


TABLE 4.—Results of exposure tests between swine 
and cattle infected with Lept. pomona. 





Days after exposure 
infection demon- 
strated 


Exposed 


Num- animals 


Source ber 
infected 





Swine Calves Swine Calves 





12-22 31 
16-25 18 
27-45 36-45 


Swine 


Calves 








* Numerator =number contracting infection by exposure; 
denominator = number exposed. 
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DISCUSSION 

In studies characterizing experimen- 
tal leptospirosis of swine produced by 
Lept. pomona, all animals inoculated 
subcutaneously, intranasally, and those 
exposed by contact became infected. 
Oral administration of leptospiras was 
not successful except in one instance, in 
which there was a complicating factor. 
Organisms were isolated from the blood 
stream as early as the 3rd day and as 
late as the 12th day after inoculation. 
After an incubation period of approxi- 
mately 10 days, a transitory elevation 
of temperature occurred in 22 out of 33 
inoculated animals. With two excep- 
tions, pigs were free from signs of illness, 
appeared alert, and ate normally. In 
these 2 animals, the infection became 
fulminant and resembled the severe 
icteric forms of leptospirosis occasion- 
ally seen in dogs, cattle, and man.$ 
These results compared with the find- 
ings of Schmid and Giovanella! in 
Switzerland, who noted that 3 out of 6 
experimentally infected pigs became 
febrile with a concomitant inappetance 
and conjunctivitis approximately 3 
weeks after the start of infection. These 
workers concluded that Lept. pomona 
infection in swine was essentially benign. 

One to two days after the thermal re- 
action antibodies were demonstrated in 
the blood and leptospiras could no 
longer be isolated. Antibodies as tested 
by agglutination-lysis methods reached 
high concentrations in a few days, and 
in the pigs studied, these levels were 
maintained for the length of the experi- 
ment. Concurrent with the demonstra- 
tion of antibodies, leptespiras were 
found in the urine of all but 2 pigs that 
were studied. The leptospiras were usu- 
ally present in enormous numbers, 
although in several animals, relatively 
few were seen. One pig was shown to be 
shedding leptospiras 159 days after 
inoculation. Schmid and Giovanella! 
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observed leptospiras in the urine of 2 
experimental pigs approximately 1 year 
after infecting the animals. 

There were few lesions observed in 
animals destroyed during the period of 
temperature elevation. The lungs of 
several pigs contained a few small 
hemorrhages, and in some, mild degener- 
ative changes were noted in the livers 
and kidneys. In pigs sacrificed later in 
the course of infection, the only lesions 
seen were in the kidneys—the changes of 
interstitial nephritis. The nephritis ap- 
peared to be progressive, and although 
kidneys of longstanding cases were 
considerably involved, fibrosis was not 
a frequent finding. The renal aberrations 
of the chronic cases were reflected upon 
the changes in the urine. As the infec- 
tion progressed, the specific gravity of 
the urine fell and albumin became 
demonstrable. 

The nature of the porcine disease, 
then, on the basis of the evidence pre- 
sented, is such that it would seem rea- 
sonable to expect the infection to be 
widespread in the swine population. 
Reports in the literature apparently 
substantiate this. In Switzerland, Gsell? 
reported 114 out of 193 pigs (59%) 
tested to be serologically positive to 
Lept. pomona. Babudieri’ in Italy found 
23 out of 73 serums examined (32%) to 
be positive. In France, Kolochine- 
Erber and Collombier* tested 172 ser- 
ums, of which 62 (36%) contained anti- 
bodies for Lept. pomona. In Argentina, 
Savino and Rennella® reported 26 out of 
201 (13%) to be positive. These workers 
isolated strains of Lept. pomona from 
the kidneys of healthy pigs. Collier® 
isolated 6 strains of Lept. pomona from 
104 pigs on one farm in the Dutch 
East Indies. He also tested 64 serums 
from other swine and 30 (46%) were 
found to have antibodies for this organ- 
ism. Johnson® in Australia tested 251 
serums, with 107 (43%) reacting posi- 
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tively. He also procured strains of Lept. 
pomona from the kidneys of apparently 
normal pigs. Bohl and Ferguson”® in the 
United States reported that 5 out of 280 
(2%) swine samples collected at random 
were serologically positive. They also 
isolated the organism from a healthy 
pig. 

To gain further information about the 
incidence of infection in this country, 
two approaches were utilized. First, a 
serological survey was made of 285 
serums collected in large packing houses 
and 63 (22%) were found to be positive; 
additional studies on 39 samples of anti- 
hog cholera serums representing over 
6000 hogs revealed that all contained 
leptospiral antibodies. Secondly, since 
experimental Lept. pomona infection was 
characterized by the pigs having inter- 
stitial nephritis, and since many normal 
swine coming to slaughter have similar 
lesions, an attempt was made to corre- 
late positive serological findings for 
Lept. pomona with the presence of these 
lesions in swine slaughtered at abattoirs. 
The results showed that a significant 
number of the swine with these lesions 
also had evidence of leptospirosis. As an 
incidental finding, it was observed that 
50% of the kidneys from the 114 swine 
studied had histopathological lesions. 
Although these studies suggested that 
many of the renal lesions present in 
swine are produced by leptospirosis, 
they also indicated that there are other 
causes. Furthermore, if the evidence 
presented here and that reported in the 
literature are any true indication of the 
incidence and nature of Lept. pomona 
infection in swine, it appears important 
to stress that finding evidence of lepto- 
spiral infection in a pig with an undiag- 
nosed disease should not be the sole 
basis for incriminating leptospiras as the 
etiological agent. 


Evidence that Lept. pomona exists in 
both cattle and swine suggested the 


possibility that these animals might 
serve as reservoir of infection for each 
other. Bohl and Ferguson! conjectured 
that this may occur since cattle and 
swine on the same farm were found to 
have antibodies for Lept. pomona. 
Peterson" in Australia demonstrated 
leptospiras in both cattle and pigs from 
one farm. In this work leptospirosis was 
shown to have transferred readily from 
infected pigs to susceptible ones and 
from infected pigs to calves. The ease 
of this transmission is understandable 
when consideration is given to the tre- 
mendous number of organisms elimi- 
nated by carrier pigs. Pigs exposed to 
infected calves, however, did not con- 
tract leptospirosis. Failure to achieve 
transmission from infected calves was 
probably due to the relatively small 
numbers present in their urines. This is 
not to imply that under certain condi- 
tions pigs could not become infected 
from calves. It has been amply demon- 
strated that infection can be trans- 
mitted between calves.'* In areas where 
swine and cattle cohabit the same 
premises, therefore, it seems logical, in 
outbreaks of bovine leptospirosis, to 
incriminate swine whenever possible as 
the source of infection until proven 
otherwise. It should be borne in mind, 
of course, that in areas where cattle 
are kept separated, the disease is en- 
tirely capable of spreading through 
a herd without the mediation of 
swine." 

This brings up the important ques- 
tion of the natural host for Lept. 
pomona. Although rodents are the hosts 
for most species of Leptospira, the evi- 
dence reported to date has not indicated 
that this is so for Lept. pomona.® Infec- 
tion by this organism has been re- 
ported in other animals, including the 


17. Little, R. B. and Baker, J. A. 
J.A.V.M.A. 116: 105-111. 


1950, 
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dog,® rat,’ and horse;'* however, most 
information seems to point to either 
swine or cattle as the probable host for 
this organism. The infection in cattle, 
although important in the United States 
and Australia, does not appear to be as 
widespread on a world-wide basis as 
it does in swine. If the growth and mul- 
tiplication of the leptospiras in the host 
criteria, the organism is_ better 
adapted to pigs, as evidenced by the 
large numbers excreted in the urine as 
well as by the length of the carrier 


are 


states. Cattle have not been shown to 
harbor leptospiras for longer than 3 
months.'*.!° Thus, it appears that swine 
may be the natural hosts for Lept. po- 
mona. 

SUMMARY 


Leptospira pomona produced infec- 
tion in all of 25 pigs inoculated subcu- 
taneously and in all of 7 pigs inoculated 


18. Roberts, S. J., York, C. J. and Robinson, 
J. W. 1952, J.A.V.M.A. 121: 237-242. 

19. Sutherland, A. K. and Simmons, G. C. 1949, 
Australian Vet. J. 25: 197-202. 


intranasally, but failed to infect 6 of 7 
pigs when administered orally. Except 
for 2 pigs that developed severe illness 
and jaundice, all infected animals 
appeared normal, showing only a slight 
elevation in temperature. Following 
inoculation, leptospiras were found in 
the blood only in the early stage of 
infection and in the urine in the later 
stages. Their persistence in the urine 
correlated with the finding of lesions in 
the kidneys. Infected pigs excreted nu- 
merous leptospiras in their urine over 
long periods of time, which is in contrast 
to calves that shed relatively few organ- 
isms over a shorter period of time. 
Transmission of infection by contact 
exposure occurred readily from infected 
pigs to susceptible ones and to calves, 
but not from calves to pigs. Infection, 
therefore, should be widespread in the 
swine population, and 22% of 285 swine 
that came to market were found to have 
antibodies for Lept. pomona. These 
facts emphasize the importance of swine 
as reservoirs for Lept. pomona. 





FURTHER KLEBSIELLA CAPSULE TYPES 


P. N. 


EDMUNDS 


From the Bacteriology Department, University of Edinburgh, Scotland 


Julianelle (1926), working with Fried- 
lander’s _ bacillus, 
agglutination, 
mouse-protection 


demonstrated by 
agglutinin-absorption, 

and precipitation 
tests, three sharply defined capsular 
types A, B, and C, and a heterogeneous 
group, X. These types were represented 
by 30 strains, most of which were associ- 
ated with lobar pneumonia in human 
subjects. 

Edwards, in 1929, showed that 5 cul- 
tures of Bacterium aerogenes isolated 
from soil, water and milk were cultur- 
ally, biochemically and _ serologically 
identical with type B_ Friedlander’s 
bacillus as described by Julianelle. He 
concluded that Bact. aerogenes is so 
closely related to Friedlander’s bacillus 
that they should be classified in the 
same genus. 

In 1936, the number of types of this 
group was increased by the work of 
Goslings and Snijders to 6, the 3 new 
ones (D, E, and F) being isolated from 
cases of ozaena. Kauffmann (1949), 
working with 130 cultures of respira- 
tory, urinary and other sources, in- 
creased the known number of capsular 
(K) antigenic types of the klebsiella 
group by 8 to a total of 14. All of these 
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new types, except type 7, were repre- 
sented by cultures freshly isolated from 
urine. 

In their 1952 paper, Edwards and 
Fife described types 1 to 57 of the 
klebsiella group, including Julianelle’s 
(1926) original types (A, B and C, now 
1, 2 and 3), Goslings and Snijder’s 
(1936) types (4 to 6), Kauffmann’s 
(1949) types (7 to 14), Worfel and Fer- 
guson’s (1951) type (15), Brooke’s 
(1951) types (26 to 49) and Edwards 
and Fife’s new types, which became 
types 16 to 25 and 50 to 57. Three fur- 
ther strains were supplied by Edwards 
to the present author since this last 
paper was published, which, together 
with three additional types recently 
recognized by Edwards and Kauffmann 
(Edwards, personal communication), 
make a total of types 1 to 63 so far recog- 
nized. 

In view of the difficulty encountered 
by Kauffmann (1949) in the determina- 
tion of O antigens of the klebsiella group 
and since, in addition, overlapping reac- 
tions occur between klebsiella K and O 
antigens and those, for example, of 
Escherichia coli (Kauffmann, 1949), it 
seems impracticable to base a classifica- 
tion of klebsiella strains on serology 
alone. It is therefore necessary to take 
into account the cultural and biochemi- 
cal characters of this group. That these 
are not always consistent with serologi- 
cal findings was pointed out by Vahlne 
(1945), who cited two serologically 
identical strains, one of which culturally 
corresponded to Esch coli, and the other 
to Bacterium lactis aerogenes, while one 
of Escherich’s type strains of Bact. 
lactis aerogenes proved to belong to O 
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group 9 in the antigenic schema for 
colon bacilli. 

This overlapping does not present 
any insuperable difficulties in the bio- 
chemical and morphological differenti- 
ation between the klebsiella-aerogenes 
group and the genus Escherichia (Kauff- 
mann, 1949). On the other hand, bio- 
chemical differentiation between indi- 
vidual members of Kauffmann’s pro- 
posed new klebsiella genus is on a more 
doubtful basis, and such differences as 
there are show such variability that no 
sufficient reason exists for ascribing 
generic status to such differing members 
Thus, in support of the proposals of 
Edwards (1929) and Kauffmann (1949) 
for this new genus, one may cite the re- 
cent findings of Renoux and Terdjman 
(1952), who were unable to demon- 
strate, by virulence for mice as well as 
by morphological, cultural and _bio- 
chemical characters, any criteria which 
could be used to distinguish A erobacter 
aerogenes from Klebsiella pneumoniae. 
Dr. Cowan, Curator of the National 
Collection of Type Cultures (NCTC) in 
London, in a personal communication, 
also lends his support to the idea that 
all cultures labelled Bact. aerogenes 
should fall into the genus Klebsiella. 
Although Henriksen (1952) has sug- 
gested that there might be scope for bio- 
chemically defined subgroups of the 
genus Klebdsiella, particularly in the 
case of rhinoscleroma group, he has not 
challenged the proposed Klebsiella genus 
as such. 


MATERIALS AND METHODS 


Coliform strains were obtained from the follow- 
ing sources: (a) Urinary infections (9 strains of 
Klebsiella). (b) Soil and water, isolated from milk 
(9 strains of Klebsiella). (c) Collection of Dr. J. P. 
Duguid (Bacteriology Department, Edinburgh 
University), from feces, infected urine, wounds 
and milk, whose individual sources are not known 
(14 strains of Klebsiella). (d) Julianelle’s types A, 
B and C of Friedlander’s bacillus, as represented 
by NCTC numbers 5054, 5055 and 5056. (e) Wil- 


son’s (1935) biochemical types I and II of Bact. 
aerogenes, represented by NCTC numbers 8172 
(type I), and 5939 and 8167 (type II); NCTC- 
5939 was supplied by the National Collection in 
London as Bact. aerogenes type II, but the culture 
was discarded by the Curator in 1950. (f) Three 
strains of Aerobacter cloacae, represented by 
NCTC5936, A217 and U8. A217 comes from Dr. 
Duguid’s collection and U8 is a urinary strain. 
NCTC5936 was supplied as such by the National 
Collection in 1949 and will be described under 
that number throughout this paper, but Dr. 
Cowan has since changed its number to 8348. 
This strain is classed by him as Bact. aerogenes 
because of its ability to hydrolyse urea and its 
failure to liquefy gelatin. However, since A. 
cloacae sometimes loses its power to liquefy gela- 
tin (Bergey’s Manual, 1948) and since NCTC- 
5936 ferments glycerol with acid and no gas and 
is a motile noncapsulate organism, the author 
feels justified in classing it as A. cloacae. This also 
accords with the serological findings, since its 
slime hapten appears to be the same as that of 
A217 and U8, both of which are undoubted A. 
cloacae as defined in Bergey’s Manual (1948). 
(g) Capsulate Esch. coli from urine (2 strains). 
(h) Capsule types of klebsiella 1 to 60 supplied by 
Edwards. 

Biochemical tests—The tests indicated in 
table 1 were carried out by the techniques de- 
scribed by Wilson (1935). 

Preparation of K antigen—The surface of a 
lactose agar plate was evenly inoculated with a 
loopful of growth from an agar slope. The medium 
contained 0.5% lactose and 0.5% peptone, giving 
a sugar-peptone ratio of 1:1, which is sufficient 
to give good but not excessive growth of capsules 
(Duguid, 1948). After incubation for 18 to 24 
hours at 37 C, the resulting growth was emulsi- 
fied in saline to give Brown's opacity standard 3 
for immunizing purposes (i.e., approximately 
10° organisms per ml) and 1 for reagent in agglu- 
tination and capsule-swelling tests (i.e., 4108 
per ml). After checking for capsules by moist 
India ink preparations, the latter suspension was 
preserved by the addition of 0.08% sodium azide. 

Preparation of capsular antiserums.—Large 
healthy rabbits were used. One-tenth ml of un- 
preserved suspension was injected intravenously, 
and subsequent doses of 0.2, 0.4, 0.6 ml etc. were 
given at intervals of 4 to 5 days. Before each 
initial injection and at suitable intervals there- 
after, the rabbits were bled and the serum ex- 
amined for capsule-swelling antibodies. The 
period required to obtain a good antiserum varied 
from 3 to 6 weeks. The rabbits were bled from an 
ear vein a week after the final injection. Serums 
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TABLE 1.—Biochemical and morphological characters and sources. 








Motility 
Eijkman 
Voges-Proskauer 
Methy!l red 
Lactose 


Strain 


Citrate utilization 
Gelatin liquefaction 


Dulcitol 
Saccharose 
Mannite 
Inositol 
Glycerol 
Indole 
Capsule 





Source: NCTC 
NCTC 5939 
NCTC 5936 
NCTC 5054 
NCTC S055 
NCTC 5056 
NCTC 8167 
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All strains gave mucoid growths, those not capsulate producing loose slime instead. 


1, Acid only. 

+, Acid and gas in fermentation reactions. 
+, Doubtful reaction. 

* Negative at 45 to 46 C. 


were preserved by the addition of 0.08% sodium 
azide and were stored at 4 C. 

Capsule-swelling reactions.—Serial dilutions of 
serum in saline, 1:2, 1:4 etc., were made, and a 
drop of each dilution mixed on a slide with a drop 
of antigen. A coverslip was placed in position and 
carefully sealed to the slide with melted vaseline. 
Examination was then carried out under the oil- 
immersion lens. Titers given refer to initial dilu- 
tions, before mixing with antigen. If the capsule- 
swelling titers of any antiserum to two organisms 
differed by a factor of 16 or more, they were con- 
sidered to be serologically distinct from one 
another, without the necessity for absorption 
tests. If the difference in titers was less than 16- 
fold, absorption tests were carried out. If capsu- 
lar titers of the two organisms were comparable, 
however, the two organisms were sometimes 
placed in the same serological type even if ab- 
sorption tests proved them not to be absolutely 
identical (Edwards, personal communication). 

Tube agglutination reactions.—Doubling dilu- 
tions of serum from 1:5 upwards were made in 


normal saline, equal volumes of antigen added 
and the mixtures transferred to agglutination 
tubes, as in the Widal reaction. The tests were 
incubated for 2 hours at 37 C, read, and placed 
in the refrigerator overnight at 4 C. Final read- 
ings were then made. Titers refer to final dilu- 
tions of serum, after addition of antigen. 

Absorption tests ——A dense suspension of the 
absorbing organism was prepared by emulsi- 
fying in 1 to 3 ml saline the growth from a lactose 
agar plate which had been incubated for 24 hours 
at 37 C. To 0.8 ml undiluted serum, 0.4 to 0.8 ml 
of suspension was added drop by drop, while 
shaking the mixture vigorously. A rough guide as 
to the amount of suspension required was given 
by the cessation of immediate macroscopic ag- 
glutination as excess suspension was added. The 
mixture was incubated for half an hour in the 37 
C water bath and then centrifuged. The superna- 
tant was checked for absence of capsule swelling 
of the absorbing strain, and if capsule swelling 
still took place, the process was repeated until 
absorption was complete. 








68 P. N. EpMUNDS 


RESULTS 
Biochemical and morphological charac- 
ters.—These are given in table 1. It 
will be that certain 
occur from the typical klebsiella-aero- 


seen deviations 
genes organism as represented by previ- 
authors (Wilson, 1935; Vahlne, 
1945; Kauffmann, 1949; Edwards and 
Fife, 1952). Apart from the A. cloacae 
and escherichia strains, 12 strains dif- 
fered from the typical in respect of 1, 2, 
or 3 characters. All the organisms of the 


ous 


series utilize except for the 
escherichia strains, and all are capsulate 
except 2 of the 3 A. cloacae strains 
(NCTC-5936 and A217). U8 is interest- 
ing in that its characters include both 
motility and the ability to produce cap- 


sules. 


citrate, 


Serological reactions.—Capsule swell- 
ing and agglutination test results are 
tables 2 and 3 for 6 new 
serums versus Edwards’ K 
types 1 to 60 and the 6 new types which 
emerged from the present series. Other 
tests not included in these tables were 


given in 
klebsiella 


also carried out, namely capsule-swell- 
ing and agglutination reactions between 
a further 12 klebsiella serums, 2 es- 
cherichia and 1 A. cloacae serum versus 
K types 1 to 60, the 6 new types of 
klebsiella, the 2 escherichia strains and 
the A. cloacae strain. In interpretation 
of these results, particular attention was 
paid to the capsule-swelling reactions, 
whose titers were less affected than the 
agglutination titers by the differing 
amounts of capsular substance produced 
by individual strains. Also, in some of 
the agglutination tests there was sus- 
picion that O agglutination was occur- 
ring in addition to the K reaction, thus 
prolonging the end point towards the 
higher titers characteristic of the former 
type of reaction. Thus the 16-fold dif- 
ference in capsule-swelling titers of a 
pair of strains, which was taken to indi- 
cate a definite difference in type, did not 


TABLE 2.—Capsule-swelling reactions.* 


Type numbers of antiserums of 
Anti- new klebsiella strains 
gens Ha + -— 


64 65 66 67 68 69 
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67 256 
68 64 
69 —- — 128 


—, Negative. ; . aoa 
* Titers are given as the reciprocal of final dilutions. 


always occur in the corresponding ag- 
glutination titers. 

In the case of strains giving signifi- 
cant cross reactions in capsule-swelling 
reactions, absorption tests were carried 
out to determine the types to which 
these strains should be allocated. The 
following pairs of strains were thus 
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proved to have identical capsular anti- 
gens: Al and A3; A3 and K54; A22 and 
U4; NCTC8167 and K18; NCTC5939 
and K36; 326.1 and K42. Other strains 
not proved to be absolutely identical 
were nevertheless sufficiently similar to 
be allocated io types as follows: A4 to 
type 8; A22, 499, 625, 495, 930, 411, 291, 
494 and 498 to type 30; 903 to type 39; 
434.1 to type 41; A8, A10, Al4, A17, 
A20, A23, A25, A26 and A27 to type 54; 
A29 to type 57; SWS to type 65; 
NCTC5936 and A217 to A. cloacae type. 
Strains shown by absorption to be sero- 
logically distinct included: NCTC5054 
(K1) and K54; NCTC5055 (K2) and 
889 (K69); NCTC5056 (K3) and 265.1 
(K68); A4 (K8) and K27; A22 (K30) 
and K13; A22 and 889 (K69); NCTC 
5939 (K36) and K14; 903 (K39) and 
K10; 434.1 (K41) and K50; 326.1 
(K42) and K12; 326.1 and K29; A3 
(K54) and 417; NCTC8172 (K64) and 
K36; NCTC8172 and K14; 265.1 (K68) 
and K29; 265.1 and K31; 889 (K69) 
and K21; U8 and K21. 

From tables 2 and 3, together with 
the absorptions given above, 6 new 
types emerged, which it is proposed to 
designate as numbers 64 to 69, inclusive. 
The following are the original numbers 
of the new klebsiella strains together 
with their proposed K numbers: 
NCTC8172 (K64); SW4 (K65); 438.3a 
(K66); 264.1 (K67); 265.1 (K68); 889 
(K69). All these’ strains except 
NCTC8172 were isolated from milk. 

Of the 35 hitherto untyped klebsiella 
strains of the series, 7 fell into the 6 new 
types (64 to 69) and 28 were fitted into 
types 1 to 63. The latter represented 9 
different K types, viz., numbers 8, 
18, 30, 36, 39, 41, 42, 54 and 57. Of 
these 28 strains, 2, representing K types 
18 and 36, respectively, were National 
Collection cultures, so that only 7 previ- 
ously described K types were repre- 


sented by the Edinburgh klebsiella 


TABLE 3.—A gglutination reactions. 








Type numbers of antiserums to new 
klebsiella strains 





65 67 


COUAMEwWH | 
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EPSUET RIGHT 
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320 


10 








See footnotes of table 2. 


strains isolated in this laboratory. These 
7 types encompassed 26 of the 32 Edin- 
burgh strains. 

NCTC numbers 5054, 5055, 5056 were 
confirmed as being the same as types 1, 
2 and 3. As indicated above, NCTC 
numbers 8167 and 5939 were proved 
identical. with K types 18 and 36, re- 
spectively. One National Collection cul- 
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ture belonged to a new klebsiella type 


(8172 was type 64). 

Of the Edinburgh klebsiella strains, 
10 out of 32 (31%) were type 30, 11 
(34%) were type 54, and 2 were type 
65. The remaining types were repre- 
sented only by single strains. Two K 
types therefore encompassed 21 out of 
32, or 66% of the total number of locally 
isolated strains. Neither of these two 
main serological groups included any of 
the NCTC strains examined. 


DISCUSSION 


The problem of the definition of mem- 
bership of the genus Alebdsiella as 
against Escherichia is a difficult one. 
The impracticability of distinguishing 
the genera serologically, particularly in 
determining klebsiella O antigens, em- 
phasizes_ the for more general 
agreement as to the biochemical and 
morphological characters defining them. 

The conception of Wilson (1935), 
who ignored inositol fermentation, of a 
differentiation based on methyl red, 
Voges-Proskauer, citrate utilization and 
Eijkman reactions has by no means 
been adhered to by later workers, and 
emphasis has been displaced from this 
combination of reactions to the results 
of inositol and adonitol fermentation, 
citrate utilization and indole produc- 
tion tests. Thus Vahlne (1945) laid 
greatest stress on citrate utilization as a 
criterion for membership of the genus 
Klebsiella, whereas Kauffmann (1949) 
wrote that Gram-negative nonmotile 
mucoid bacilli which ferment inositol 
and adonitol but do not produce indole 
were “most likely to be Klebsiella,”’ 
while Edwards and Fife (1952) gave the 
chief Klebsiella criteria as: methyl red, 
hydrogen sulphide and indole tests 
negative; dulcitol fermentation nega- 
tive; Voges-Proskauer, citrate, urea, 
tartrate and nitrite tests positive; with 
fermentation of various sugars includ- 


need 


ing inositol, adonitol and salicin. Ot 
the 256 cultures examined by Edwards 
and Fife, however, 151 differed from the 
above pattern in one or more respects, 
including 31 cultures which were methyl 
red positive, 25 which were Voges- 
Proskauer negative, etc. 

In the present work, a combination 
of citrate utilization and ability to fer- 
ment inositol, along with negative in- 
dole and Eijkman reactions, was taken 
as allowing the inclusion of a nonmotile 
strain in the klebsiella group, even 
if Voges-Proskauer was negative and 
methyl red positive. Thus, strains SW4, 
NCTC5056, and 903 were included, 
although these were all Voges-Pros- 
kauer negative and methyl red positive. 
U3 and 417, on the other hand, were 
inositol and citrate negative, and Eijk- 
man positive as well, and they were 
therefore taken as Escherichia. 

Although Kauffmann laid some stress 
on the indole reaction as a criterion, 
Wilson’s type II Bact. aerogenes (1935), 
as exemplified by NCTC5939, while 
indole and dulcitol positive, is never- 
theless citrate and inositol positive, 
Voges-Proskauer positive and methyl 
red negative. It therefore seems that 
such indole positive strains should be 
included in a klebsiella series since the 
majority of important criteria are satis- 
fied. On the other hand, as Kauffmann 
(1949) in his summary of criteria gives 
lack of motility as a requirement for 
klebsiellas, it was decided to exclude 
NCTC5936, A217 and U8, which are 
motile, mucoid organisms, although 
they are typical as regards methyl red, 
Voges-Proskauer, citrate utilization, in- 
dole and Eijkman reactions. 

The serological results are in keeping 
with the impression given by the work 
of Edwards and Fife (1952), namely 
that the predominating capsular types 
vary considerably from one country to 
another. These workers found that the 
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8 types established by Kauffmann in 
Denmark (types 7 to 14) were repre- 
sented by only 35 out of 256 cultures 
isolated in the United States, while the 
marked predominance of types 8, 9 and 
10 noted by Brooke and Kauffmann was 
not evident in the American study. 
Thus, Kauffmann (1949) assigned 93% 
of urinary strains to these 3 types, 
while Brooke (1951) included 63% of 
his urinary strains in them. Edwards 
and Fife (1952), on the other hand, 
found only 16% of urinary cultures to 
be included in these types, while in the 
present series none out of 10 urinary 
strains could be fitted into these types. 

It is of interest to note that the two 
escherichia cultures also studied both 
gave overlapping of K antigens with 
various klebsiella types. In the case of 
417, particularly, which is biochemically 
Esch. coli type II (Wilson, 1935), it 
could only be distinguished definitely 
from A3 (K type 54) by cross-absorp- 
tion tests. These results compare with 
those of Kauffmann (1949), who found 
that klebsiella type 10 was almost iden- 
tical with escherichia type 39, while 
klebsiella types 7, 8 and 11 had partial 
K antigens in common with escherichia 
types 55, 34 and 37, respectively. 


SUMMARY 


Forty-three mucoid strains of coli- 
form bacilli from various sources were 
divided biochemically into 38 klebsiella 
strains, 2 escherichia strains and 3 
Aerobacter cloacae strains. 


Of 35 hitherto untyped klebsiella 
strains, 6 new types were distinguished 
by capsule-swelling, agglutination and 
absorption tests, from previously known 
types 1 to 63. 

Two main serological groups emerged, 
namely type 54, which included 34% 
of the Edinburgh strains, and type 30, 
which included 31%. This contrasts 
with the quite different distributions of 
types which have been found in Den- 
mark and the United States. 

Biochemical and morphological cri- 
teria for the klebsiella group are dis- 
cussed. 
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AGGLUTINATION OF BACTERIA (HEMOPHILUS PERTUSSIS 
AND SALMONELLA TYPHOSA) IN VITRO BY HUMAN 
BLOOD LYMPHOCYTES AND CYTOPLASMIC 
EXTRUSIONS OF LYMPHOCYTES 


KYOICHI TAKEDA 


From the Department of Pediatrics, Kyoto Prefectural Medical College, Kyoto, Japan 


Direct morphological relationships 
between bacteria and lymphocytes have 
been obscure for a long time, for the 
phenomenon of phagocytosis of and 
taxis toward foreign bodies by lympho- 
cytes has not been confirmed under the 
microscope. To our knowledge, the only 
study which has clearly proved such a 
relationship is that of Hayes, Dougherty 
and Gebhardt (1951). These authors 
demonstrated the agglutination of Sal- 
monella tybhosa, Salmonella _ typhi- 
murium and Pseudomonas aeruginosa 
by lymphocytes in air-dried tissues 
which had been obtained from mice im- 
munized the same antigens and 
spread on glass slides. The photomicro- 
graphs in their paper undoubtedly rep- 
resent this phenomenon, but it seems 
somewhat uncertain whether the cells 
demonstrated are all lymphogenous. 
Reis, Mertens, and Ehrich (1950) re- 
ported a phenomenon, closely resem- 
bling that of Hayes et al, of lymphoid 
cells which had been taken out of the 
popliteal lymph nodes of immunized 
rabbits and which were believed to be- 
long to the plasma cell series. 

In unstained or supravitally stained 
specimens, it is impossible to observe 
the delicate structures of cytoplasm and 
nucleus and quite difficult to differenti- 
ate morphologically similar cells. The 
leukocytes of the blood without marked 
pathological changes are better materi- 
als to identify types of cells than are 
cells derived from the skin, lymph 


by 
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nodes, bone marrow, etc. Human blood 
specimens which are spread on glass 
slides in thin films, fixed by the dry- 
heat method and stained with proper 
solutions give the best opportunity to 
observe fine details of both blood cells 
and bacteria. This paper describes the 
morphological relationships in vitro be- 
tween the bacteria (Zemophilus pertussis 
and S. typhosa) and the blood lympho- 
cytes of patients with whooping cough 
and typhoid fever, respectively, and of 
normal human beings. 


MATERIALS AND METHODS 


Clinical material.—Two patients with whoop- 
ing cough were studied: a 4-year-old girl and a 
2-year-old boy in the same family. The boy was 
infected by his sister and developed the illness 
about 10 days later. The experiment was per- 
formed at the same time on both children about 
30 days after the onset of her illness. 

One patient with typhoid fever was also stud- 
ied. This was a 3-year-old boy in the convalescent 
stage, from whom specimens were obtained about 
a month after the onset of the illness. The Widal 
test was positive to a titer of 800. 

Control subjects included 2 healthy infants, a 
13-month-old boy and an 11-month-old girl, 
neither of whom had been infected with whooping 
cough since their birth, nor immunized against 
this disease, and 2 healthy adults, a 39-year-old 
man and a 25-year-old woman. The latter had 
had whooping cough in their early childhood but 
had no history of typhoid for at least 4 years. 

The agglutination test against H. pertussis and 
the Widal test of the controls were all negative. 

Bacterial suspensions.—These contained about 
60 billion living bacteria (H. pertussis or S.. 
typhosa) per cc of serum or of physiological saline. 
The suspensions were homogenized in a sterile 
agate mortar and observed microspically prior to 
experiment. H. pertussis had been cultured on 
Bordet-Gengou’s medium for 48 to 72 hours and 
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S. typhosa on agar nutrient medium for 24 to 48 
hours. 

Methods. 
the ill or healthy subjects were poured into a 
small test tube and defibrinated with a small 
glass rod or treated with heparin (approximately 
0.007%). The fresh bacterial suspensions were 
dropped into the blood with a small syringe to 
one-twentieth the volume of blood. The blood 
was stirred thoroughly with a glass rod and placed 
in an incubator at 37 C. All procedures were done 
aseptically. 


One to five cc of venous blood from 


The test tubes were removed from the incuba- 
tor at varying times. After stirring again thor- 
oughly with a glass rod, a drop of the blood was 
put on a glass slide and spread to a thin smear. 
These smears were dried ir air and placed in a 
high-temperature box to fix by dry-heat (160 C, 
for 5 minutes). Fixations with methyl alcohol and 
other liquid fixatives were also tried but did not 
give good results in revealing the fine surface 
structures of lymphocytes. 

The preparations were usually stained with 
Field’s solution in order to avoid influence of 
alcohol and to shorten staining time. 

The blood smear was placed on a mechanical 
stage of a microscope, and the number of all the 
lymphocytes appearing in the several hundred 
microscopic fields and of the bacteria gathered 
around them was determined. In the same speci- 
men all erythrocytes and bacteria observed in 
microscopic fields narrowed by inserting an iris 
in the ocular lens, were counted (table 1). 


RESULTS 


When a suspension of H. pertussis 
was added to the blood of patients suf- 
fering from whooping cough, the bac- 


TABLE 1.—Relationship between H. pertussis and 
the lymphocytes of children suffering 
from whooping cough. 


Average 
number of 
bacteria agglu- 
tinated per 
lymphocyte 


Average 
number of 
bacteria per 
erythrocyte 


Time 


min. 
min. 
hr. 
hr. 
hr. 


min. 
min. 
hr. 
hr. 
hr. 


From 170 to 264 lymphocytes and from 1500 to 2800 
erythrocytes were observed at each interval to obtain the 
above ratios. 


TABLE 2.—Relationship between H. pertussis and 
the lymphocytes, in vitro, of healthy adults who have 
had whooping cough in their early childhood. 
Average 
number of 
bacteria agglu- 
tinated per 
lymphocyte 


Average 
number of 
bacteria per 
erythrocyte 


Time 


20 min. a .g 0.26 
1.5 hr. a 0.24 
6 hr. a. 0.26 
10 min. , 0.33 
30 min. 

1 hr. 

2 hr. 

4 hr. 


Number of lymphocytes observed: 301 to 626. 
Number of erythrocytes observed: 3500 to 5600. 


teria markedly gathered themselves 
around the lymphocytes. The phenome- 
non agglutination of bacteria by lym- 
phocytes was already quite distinctly 
observed 20 minutes after the addition 
of the bacteria and reached a peak in 
about 90 minutes. Twenty hours later 
many of the bacteria had degenerated 
and their number had decreased mark- 
edly. In both children the results were 
very similar. 

The agglutination of H. pertussis by 
the lymphocytes of normal blood was 
weaker than that of the patients; the 
phenomenon was evident in this case as 
well (table 2 and 3). Normal lympho- 
cytes, even though they may carry no 
specific antibodies against H/. pertussis, 
must have an affinity for the bacteria. 

When the suspension of S. typhosa 
was added to the blood obtained from 
a patient with typhoid fever, the phe- 


TABLE 3.—Relationship between H. pertussis and 
the lymphocytes in vitro, of children, who 
have had no history of whooping cough. 


Average 
number of 
bacteria agglu- 
tinated per 
lymphocyte 


Average 
number of 
bacteria per 
erythrocyte 


Case Time 


30 min. 3.06 
1 hr. 
2 hr. 


0.46 
72 0.54 
69 0.41 


0.62 
51 0.59 
67 0.42 


II 1 hr. 


3. 
: £ 
30 min. 2.37 
4. 
2 hr. a. 


Number of lymphocytes observed: 147 to 263. 
Number of erythrocytes observed: 1120 to 2480. 
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C 





Fic. 1.—A, B, C. Lymphocytes from blood of children suffering from whooping cough to which a 
suspension of H. pertussis was added in vitro, with smears made at intervals thereafter. 
D, E, F. Similar preparations from blood of normal children. 
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TABLE 4.—Relationship between S. typhosa and the 
lymphocytes in convalescence of typhoid fever. 





Average number 
of bacteria 
agglutinated per 
lymphocyte 


Average number 
of bacteria 
per erythrocyte 





0.7 
3 hr. 1.8 
18 hr. 0.4 


0.41 
0.07 
0.01 





Number of lymphocytes observed: 155 to 290. 
Number of erythrocytes observed: 2680 to 3840. 


nomenon was likewise confirmed, al- 
though it was not so noticeable as in the 
cases of whooping cough; while the 
lymphocytes of the healthy control 
scarcely agglutinated S. typhosa, which 
were found evenly distributed in the 
specimens (table 4 and 5). In the last 
case the number of bacteria per lympho- 
cyte was much less than that per 
erythrocyte, 5 and 30 minutes after the 
addition of bacteria. These apparently 
peculiar results are due to the fact that 
all bacteria in the microscopic fields 
were counted whether they were in con- 
tact with erythrocytes or not. 

All lymphocytes in the same material 
did not show the same affinity for bac- 
teria. There were always fairly large 
numbers of lymphocytes which showed 
no contiguity to bacteria in the blood. 
The average percentage of these lym- 
phocytes against H. pertussis were 
34.6% (21.6% to 55.3%) in the patients 
with whooping cough and 51.4% (27.4% 
to 78.8%) in the healthy children and 
adults, while that against S. typhosa 
were 90.7% (88.3% to 94.2%) in the pa- 
tient with typhoid fever and 96.6% 


TABLE 5.—Relationship between S. typhosa 
and normal lymphocytes. 





Average number 
of bacteria 
agglutinated per 
lymphocyte 


Average number 
of bacteria 
per erythrocyte 


Time 





0.09 
0.08 
0.21 
0.04 


5 min. 
30 min. 
3 hr. 
18 hr. 





Number of lymphocytes observed: 145 to 230. 
Number of erythrocytes observed: 4000 to 4500. 


(92.7% to 98.7%) in the healthy con- 
trol. Whether antibodies were present 
or not, the number of lymphocytes 
agglutinating H. pertussis bacteria was 
relatively large, while only a few lym- 
phocytes agglutinated S. typhosa. 

The combination of agglutinated bac- 
teria and lymphocytes was apparently 
quite strong in that it was not much dis- 
tributed by the procedures of stirring, 
agitating and making smears of the 
blood (fig. 1). The bacteria agglutinated 
by lymphocytes degenerated and disap- 
peared more rapidly than those ingested 
by other leukocytes. 

Because the lymphocytes were more 
resistant than the neutrophiles to bac- 
teria, the blood pictures of the speci- 
mens gradually changed after the addi- 
tion of bacteria. The percentage of 
lymphocytes gradually increased, al- 
though the absolute number decreased 
slightly. 

In the preparations which were ade- 
quately fixed by means of the dry-heat 
method, the lymphocytes could be ob- 
served agglutinating the bacteria by 
fine cytoplasmic extrusions radiated 
from the cell surface. These extrusions 
were cilia-like or membranous in shape 
and stained generally light rosy pink 
with Field’s solution or other eosin- 
azure-methylene-blue solutions, in con- 
trast with the blue cytoplasm of 
lymphocytes. The free ends of the ex- 
trusions were so fine that they often 
disappeared in the surrounding plasma. 
The cilia-like extrusions occasionally 
reached over 10 uw in length. The lympho- 
cytes in simple smears without addition 
of bacteria were also often observed 
radiating similar extrusions when the 
same procedures of fixation and stain- 
ing were done. Such features of the cell 
surface were especially prominent in 
lymphocytes and were very rarely seen 
in other leukocytes and in erythrocytes 
of normal blood. 
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DISCUSSION 


In discussing the relationships be- 
tween human blood cells and bacteria, 
it should be pointed out that normal 
lymphocytes have some affinity for bac- 
teria and agglutinate them in vitro. 
Some bacteria invading human living 
tissues or blood may be captured by the 
lymphocytes under certain conditions, 
although the lymphocytes have not been 
found to have the phagocytic function 
of granulocytes and monocytes. 

it may well be that the extrusions 
contain not only agglutinating factors 
but also lysing factors against bacteria, 
because the agglutinated bacteria de- 
generate and become invisible more 
rapidly than the phagocytized bacteria. 
The grouping of lymphocytes in the 
lymph nodes, lymph follicles, lympho- 
cytic infiltrations etc. may be a signifi- 
cant factor in the handling of bacteria 
in vivo, especially in subacute and 
chronic inflammations, because lympho- 
cytes are more resistant to bacteria than 
other leukocytes and do not so readily 
degenerate into tissue debris in the liv- 
ing tissues. 

The agglutination of bacteria by 
lymphocytes was more conspicuous in 
patients infected by homologous bac- 
teria than in healthy controls. The same 
activity was, however, observed against 
H. pertussis in the blood of healthy 
adults and children who had had no his- 
tory of whooping cough, though in lesser 
degree. S. typhosa was agglutinated by 
the blood lymphocytes obtained from a 
patient with typhoid fever, but the per- 
centage of lymphocytes showing ag- 
glutination was much less than in the 
experiments with H. pertussis. The 
lymphocytes of a healthy man who had 
never had typhoid fever and had not 
been immunized against it for at least 
4 years were scarcely able to agglutinate 
S. typhosa. As is weli known, S. typhosa 
infecting any human body can easily 


invade the circulating blood and lead to 
bacteremia, while H. pertussis bacilli are 
usually localized in the infected sites 
and only rarely spread widely. It is con- 
sidered that the localization of H. per- 
tussis is due chiefly to the agglutinating 
function of lymphocytes for the follow- 
ing reasons: (1) The lymphocytes of 
healthy persons can agglutinate H. per- 
tussis around themselves in vitro, 
whether the specific antibodies are pres- 
ent or not. (2) The agglutination is in- 
tensified in patients with whooping 
cough. (3). Absolute lymphocytosis in 
circulating blood begins usually in the 
early stage of whooping cough. (4) The 
enlargements of local lymph nodes and 
the grouping of lymphocytes and lym- 
phogenous cells are observed in the 
sites of infection in animal experiments. 
(5) The granulocytes, monocytes and 
other phagocytes do not increase so 
much in number in the circulating blood 
and local tissues as do the lymphogenous 
cells. (6) The phagocytosis of H. per- 
tussis by the phagocytic cells is generally 
similar to that of S. typhosa. 

In the specimens fixed by dry-heat 
the agglutinated bacteria could be ob- 
served held to the surface of a lympho- 
cyte by fine cytoplasmic extrusions 
which were cilia-like, and occasionally 
as long as 10 uw, or membranous in shape 
and stained light rosy pink with eosin- 
azure-methylene-blue solutions. Similar 
extrusions were also found in the speci- 
mens without bacteria. These were a 
special feature of lymphocytes and were 
scarcely seen in other leukocytes or in 
erythrocytes. Fine extrusions of the 
lymphocytes may also give forth some 
proteins of the cytoplasm into plasma 
without destruction of the cell bodies. 
The microscopic findings that the free 
ends of the extrusions are very fine and 
frequently disappear into the surround- 
ing plasma support such an idea. Wil- 
liamson (1950) states that rabbit lym- 
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phocytes extrude and shed proteins of 
their cytoplasm in the form of buds 
which contribute chemical constituents 
to the lymph. However, budding or 
clasmatosis of human blood lympho- 
cytes was rarely seen, whereas the cilia- 
like or fine membranous extrusions were 
frequently observed (1950). If human 
blood lymphocytes shed their cytoplasm 
into the plasma, they must do so chiefly 
by means of these cilia-like extrusions. 
We should like to give the name of 
‘“‘roseoplasm”’ to the substance of these 
extrusions because of their color, which 
stains usually light rosy pink in con- 
trast with the blue cytoplasm of the 
lymphocytes and probably contains ag- 
glutinating and lysing factors against 
bacteria. 

It should be pointed out that these 
observations have been made in the 
case of a few specimens of serum; addi- 
tional observations will be required to 
support the generalizations which have 
been suggested in this discussion. 


SUMMARY 


The blood of patients suffering from 
whooping cough and typhoid fever and 
of healthy adults and children was 
mixed with Hemophilus pertussis and 
Salmonella typhosa in vitro, incubated 
at 37 C, and the relationships between 
lymphocytes and bacteria were micro- 
scopically observed at various times. 

1. The lymphocytes agglutinated H. 
pertussis around them. The phenome- 
non of agglutination was intensified in 
the patients with whooping cough. 

2. The lymphocytes of the patients 


with typhoid fever agglutinated S. 
typhosa, but the lymphocytes of the 
healthy control showed scarcely any re- 
lationship with S. typhosa. 

3. The bacteria agglutinated by lym- 
phocytes were more rapidly dissolved 
than those ingested by granulocytes, es- 
pecially in the ill patients. 

4. The agglutinated bacteria were ob- 
served to be held to the lymphocyte by 
fine cytoplasmic extrusions which were 
peculiar to lymphocytes, and which 
were not basophilic. Similar extrusions 
of lymphocytes were also observed in 
simple blood smears of patients and of 
healthy controls without the addition of 
bacteria. 

5. It is suggested that these extrusions 
may contain agglutinating and lysing 
factors against bacteria, and that by 
this means human lymphocytes may be 
able to capture and to dissolve bacteria, 
especially in the presence of homologous 
antibodies. The fact that S. typhosa 
often causes bacteremia whereas H. 
pertussis is usually localized in the sites 
of infection may be related to a differ- 
ence in the affinity of the respective 
bacteria for lymphocytes. 
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The discovery by Vincke and Lips! of 
a new Plasmodium (berghei) in the 
Congo tree rat which is transmissible to 
white mice and rats as well as to other 
laboratory rodents provided a valuable 
tool for studies on biology and chemo- 
therapy of malaria. Experimental chem- 
otherapy of malaria before this time was 
limited to the use of the plasmodia of 
monkeys or of one of the avian malarias 
and involved the use of hosts which 
were expensive or phylogenetically far 
removed man. Rodent malaria 
provided an experimental parasite in 
mammalian hosts which are well-known 
and inexpensive to maintain in the labo- 
ratory. 

Suppressive tests for antimalarial ef- 
fect of drugs, using P. berghei in white 
mice, have been standardized and used 
for finding the quinine equivalent of 
compounds by several investigators?~4 
as well as in this laboratory.5 The ab- 
sence of a good laboratory vector of P. 
berghei has prevented the development 
of a prophylactic test using this para- 
site, and consequently there is no good 
means of determining the effect of 
drugs on the primary tissue stages of 
the parasite. This, however, does not 
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preclude significant investigation of the 
curative effect of drugs on the parasite, 
i.e., effect on the late tissue forms. 
Other laboratories have reported finding 
exoerythrocytic stages after blood-in- 
duced infections of P. berghei in white 
mice, and it is well-known that estab- 
lished blood-induced infections with 
avian malaria are capable of producing 
late tissue stages. 

The course of a blood-induced infec- 
tion of P. berghei has been shown to 
vary among several rodents used and 
according to the age of the rodent 
Young white mice, white rats and ham- 
sters develop, as a rule, an intensive 
parasitemia to which they ultimately 
succumb, while the older rodents show a 
varying degree of resistance to the 
parasite.* In addition to mice, rats and 
hamsters, other rodents reported to 
have been experimentally infected with 
P. berghei include meadow voles,’ cotton 
rats,® rice rats,’ kangaroo rats,’ pouch 
mice,’ Egyptian mice,’ gerbils, and 
squirrels.'° Rabbits (except new-born) 
and guinea pigs appear to be refractory 
to the infection."! Our choice of young 
white mice for the experiments reported 
below is, of course, related to their small 
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drug requirements and convenience of 
handling in the laboratory, but chiefly 
to their regular susceptibility to lethal 
infection with P. berghei. This latter 
feature permits easy detection of most 
infections persisting after treatment and 
thus renders the mouse eminently suit- 
able for short-term curative tests. 

It has been our experience, as well as 
that of others,’ that many of the sup- 
pressives for human malaria, when ad- 
ministered in sufficiently high doses be- 
fore the parasitemia is well-established, 
will cure mice of blood-induced P. 
berghei infection. However, by delaying 
the onset of treatment after inoculation 
of the mice, it was found that the longer 
the delay before treatment was insti- 
tuted, the smaller the proportion of 
drugs which would effect a cure. The 
experiments described below were de- 
signed to determine whether delay of 
drug administration until the infection 


with P. berghet was well-established 
would differentiate between those drugs 
having a curative effect on human vivax 
malaria and those having a suppressive 
effect. 


MATERIALS AND METHODS 


All mice used in these experiments were from 
Carworth Farms, CF; strain, and were young ani- 
mals whose weights varied from 18 to 28 g. A 
single standardized dose of one million parasites 
of P. berghei (KBG 173 strain) was inoculated 
intravenously. Drugs were administered as a 
mixture in the diet at various intervals after 
inoculation. When drug administration was de- 
layed, blood smears were taken on the day that 
treatment was started in order to ascertain that 
the mice in the various groups had comparable 
parasitemias. In experiments where the treat- 
ment was scheduled to begin on the third day 
after inoculation, individual mice were discarded 
if the parasitemia fell below 1 parasite per 1000 
erythrocytes on that day. Of 372 mice inoculated 
with one million parasites for use in curative 
tests, 23 (6.2%) had a parasitemia of less than 1 
parasite per 1000 erythrocytes on the third day 
of infection and were discarded. An additional 3 
mice failed to show any evidence of parasitemia. 


The remainder of the 372 mice had an average of 
16 parasites per 1000 erythrocytes, ranging from 
1 to 56 parasites per 1000 erythrocytes on the 
third day after inoculation. In our experiments, 
all mice which developed a patent parasitemia 
have died unless drug therapy intervened. As a 
criterion of cure, blood smears were examined on 
the day after cessation of treatment and at inter- 
vals of 5 days thereafter for 26 days. Mice whose 
blood smears remained negative at the end of this 
time were splenectomized and were subsequently 
followed for 2 weeks by blood smears taken every 
other day, and if still negative, were considered 
cured. In all, 81 mice, whose blood smears were 
negative on the day after drug was withdrawn 
from the diet, proved by subsequent examination 
to be infected. Of these, 91% had positive blood 
on the second and third examinations (6 and 11 
days after withdrawal of drug), and 5% were 
positive on the last three examinations (16, 21, 
and 26 days after drug withdrawal). An addi- 
tional 4%, with a previous total of 6 negative 
blood smears, revealed positive blood following 
splenectomy. 


RESULTS 


Time relations of inoculation and treat- 
ment to curative effect.—Three drugs with 
a well-known curative or suppressive 
effect in human vivax malaria—prima- 
quine, hydroxychloroquine, and quinine 
—were administered in maximum toler- 
ated doses for periods of 5 and 10 days, 
beginning (a) the day of inoculation, 
(b) the third day after inoculation, and 
(c) the sixth day after inoculation. The 
results of this experiment, shown in 
table 1, confirmed the fact that delay in 
the onset of treatment resulted in fewer 
cures and showed a striking difference 
between the two suppressive drugs 
tested (hydroxychloroquine and qui- 
nine) and the known curative drug 
(primaquine) in curing well-established 
infections of P. berghei in mice. Treat- 
ment beginning on the day of inocula- 
tion cured most of the animals regard- 
less of the type of drug used. Treatment 
begun 3 and 6 days after inoculation 
continued to cure most of the mice 
treated with primaquine (17 of 18 ani- 
mals), but failed to show a similarly 
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TABLE 1.—Rate of cures relative to therapeutic 
schedules of selected drugs. 


Period of Daily aver- Cure/num- 














Drug treatment age mg. ber of 
(days) drug/kg mice 

Primaquine 0-10 108 .6 4/4 
0-5 84.1 5/5 

3-13 85.4 5/5 

3-8 72.7 4/5 

6-16 86.8 3/3 

6-11 66.0 5/5 

Hydroxychloroquine 0-10 277.4 5/5 
0-5 168.6 4/5 

3-13 371.9 3/6 

3-8 183.9 0/5 

6-16 298.2 1/S 

6-11 141.3 0/5 

Quinine 0-10 1021.0 3/5 
0-5 791.6 4/5 

3-13 950.6 0/5 

3-8 681.6 0/5 

6-16 795.0 0/5 

6-11 689.3 0/5 





high cure rate in those groups treated 
with hydroxychloroquine (4 of 21 mice) 
and quinine (none of 20 mice). 

Relative curative effects of representa- 
tive 8-aminoquinolines——The demon- 
stration of a differentiation between 
representative suppressive and curative 
drugs when treatment was delayed led 
to experiments to determine the relative 
curative effects in such a test of three 
8-aminoquinolines, whose effects in hu- 
man vivax malaria are well-established. 
Using a standard treatment period of 
days 3 to 8 inclusive after inoculation, 
pamaquine, pentaquine, and prima- 
quine were tested in this manner with 
serial drug concentrations in repeated 
experiments, as illustrated in table 2. 


TABLE 2.—Comparison of curative doses 
8-aminoquinolines. 





Number of mice cured / number 
of mice treated 

















D Percent 
rug drug 
in diet Test 
I II Ill IV Totai 
Pamaquine 0.09 1/4 0/5 1/9 
0.03 0/5 0/5 
0.03 0/5 0/5 
Pentaquine 0.27 2/2 1/5 3/4 6/11 
.09 2/3 2/S 0/5 4/13 
0.03 0/5 0/5 0/10 
0.01 0/5 0/5 
Primaquine 0.09 4/4 3/4 7/8 
0.05 5/5 2/5 2/5 9/15 
0.01 2/5 0/S O/S 2/15 





Treatment period: days 3 to 8 after inoculation. 


TABLE 3.—Comparison of curative doses 
8-aminoquinolines. 


Daily average mg. drug/kg 














Percent ——-———————_ - 
Drug drug Test 
indiet — - ~ — ~ 
[ II Ill iV 
Pamaquine 0.09 85.0 79.2 
0.03 48.9 
0.01 16.2 
Pentaquine 0.27 157.3 181.0 162.8 
0.09 120.6 146.9 109.6 
0.03 48.0 41.2 
0.01 14.8 
Primaquine 0.09 91.9 78.1 
0.03 48.1 37.8 40.69 
0.01 


18.0 


12.9 16.63 





Actual amounts of the drugs consumed 
in the four tests are shown in table 3. 
Throughout the range of concentrations 
tested, primaquine had the greatest ef- 
fect, pentaquine less effect, and pama- 
quine the least curative effect. For ex- 
ample, with 0.09% drug base in the diet, 
primaquine cured 7 of 8 mice, penta- 
quine, 4 of 13 mice, while pamaquine 
cured only 1 of 9 mice. The relative 
curative effects of these three 8-amino- 
quinolines with P. berghei are summa- 
rized in figure 1. 

Curative effects of miscellaneous drugs. 
—Several drugs known to have a pro- 
phylactic or curative effect in avian 
malaria were tested for curative effect 
with P. berghei, using days 3 to 8 inclu- 
sive after inoculation as a treatment 
period. The results are shown in table 4. 
Endochin (SN13421), a curative and 
causal prophylactic drug for P. cathe- 
merium in canaries, was tested and 
found to cure 7 of 13 mice when ad- 
ministered as a 0.3% mixture in the 
base in the diet. Lower concentrations 
failed to cure. Of the antibiotics tested, 
chlortetracycline, oxytetracycline, and 
chloramphenicol all have been shown 
to have various degrees of prophylactic 
activity in Plasmodium cathemerium al- 
though no curative effect. Chlortetra- 
cycline showed some curative effect with 
P. berghei in white mice, curing 3 of 5 
mice at a concentration of 0.3% drug 
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Number of 

Mg base/ kg mice cured / 
daily Number of 
mice treated 


Percent 
drug 
in diet 





Endochin 0.3 482.7 


164.2 


Chlortetracycline 


Oxytetracycline 


Chloramphenicol 





1.0 
0.3 


Subcut. 





Neomycin 


Daraprim 





0.03 
0.01 
0.003 
0.001 
0.0003 





Treatment period: days 3 to 8 after inoculation. 


base in the diet. Oxytetracycline, chlor- 
amphenicol, and neomycin all failed to 
cure mice in maximum tolerated doses. 
Daraprim (2:4-diamino-5-p-chloro- 
phenyl-6-ethyl-pyrimidine), which has a 


Ler cent aured 


x = pamaguine 
O = pentaquine 
© = D7Timaquine 





suppressive and prophylactic effect 
against Plasmodium gallinaceum in 
chickens as well as with Plasmodium 
vivax in man, was the most effective 
curative drug tested, curing 5 out of 5 
mice at drug-diet concentrations as low 
as 0.001%. 


DISCUSSION 


It is apparent from the preceding ex- 
periments that a period of time for es- 
tablishment of the blood-induced in- 
fection of P. berghei in white mice is 
necessary before a clear-cut difference 
in the cure rate becomes evident, sepa- 
rating drugs with a suppressive effect on 
vivax malaria from drugs with a cura- 
tive effect. Whether this necessary es- 
tablishment of an infection to demon- 
strate qualitative differences among 
drugs is due to an exoerythrocytic de- 


© 





T 


0.27 


0.09 


Y 
0.038 0.07 


Ler cent drug in diet 


Fic. 1.—Relative curative effects of three 8-aminoquinolines with P. berghei. 
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velopment of P. berghei cannot be stated 
with the evidence at hand, but must be 
borne in mind as a definite possibility. 
Exoerythrocytic forms have been dem- 
onstrated by van den Berghe, Vincke 
and Chardome” to be present in white 
mice with blood-induced infections as 
early as 36 hours after inoculation with 
P. berghei. Garnham™ mentions finding 
exoerythrocytic parasites of P. berghet. 
towards the end of the first week of the 
infection in white rats and hamsters 
after blood inoculation. Other investiga- 
tors, including Baldi,’ Falco et al, and 
Galliard and Lapierre,'® have failed to 
confirm the presence of exoerythrocytic 
forms in blood-induced P. berghez infec- 
tions. 

The curative test as described above, 
using P. berghei in white mice, anpears 
to have merit in the screening ot com- 
pounds for curative effect in human 
vivax malaria. Not only did this test 
differentiate between well-known sup- 
pressives for vivax malaria (hydroxy- 
chloroquine and quinine) and a well- 
known curative drug (primaquine), but 
the order of efficiency as curative agents 
of three 8-aminoquinolines was the same 
as has been reported for vivax malaria. 
Pamaquine, with a tertiary terminal 
amine on the side chain, was least effec- 
tive, primaquine, with a primary termi- 
nal amine was most effective, while 
pentaquine, with a secondary terminal 
amine, was intermediate in curative 
effect. This same order for curative ef- 
fect has been reported for human vivax 


12. v:n den Berghe, L., Vincke, I. and Char- 
dome, M. 1950, Ann. Soc. belge de med. trop. 
30: 79-82. 

13. Garnham, P. C. C. 1951, Brit. M. Bull. 8: 
10-15. 

14. Baldi, A. 1952, Riv. malariol. 31: 41-52. 
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malaria by Edgcomb et al."” 

On the other hand, the only estab- 
lished infection of avian malaria which 
can be cured with an 8-aminoquinoline 
is P. lophurae.'* Of the six 8-amino- 
quinolines found to have a curative ac- 
tion with this parasite, the compounds 
with secondary terminal amines as side 
chains proved to be most effective, while 
pamaquine and primaquine had moder- 
ate or slight curative effect. 

Of the other drugs evaluated, which 
showed some curative effect in P. 
berghei, endochin has not been given 
trial as a curative in human vivax ma- 
laria, although a limited trial as a 
prophylactic in this infection did not 
produce a delay in parasitemia.!® 

Trials with chlortetracycline in P. 
vivax infection of man failed to cure, 
although there was a delay in patent 
parasitemia of sporozoite-induced in- 
fections.”® In the above trials, the drug 
was administered for 5 and 6 days at a 
dosage too high to be well-tolerated. 
However, the average daily consump- 
tion, when figured in grams per kilo- 
gram body weight, was less than one- 
seventh of that which cured 3 of 5 mice 
with P. berghet. 

Daraprim cured mice infected with P. 
berghei in the lowest concentrations of 
any drug tested. Sporozoite-induced in- 
fections with Plasmodium cynomolgi in 
monkeys were not cured with daraprim, 
although they remained negative until 
splenectomy. However, Coatney” has 


17. Edgcomb, J. H., Arnold, J., Yount, Jr., E. H., 
Alving, A. S. and Eichelberger, L. 1950, J. 
Nat. Malaria Soc. 9: 285-292. 

18. Thompson, P. E., Reinertson, J. W., Bayles, 
A. and Moore, A. M. 1953, J. Infect. Dis. 92: 
40-51. 

19. Combined Intelligence Objectives Sub-com- 
mittee, Item no. 24, file XXIII-12, p. 84. 

20. Cooper, W. C., Coatney, G. R., Imboden, 
Jr., C. A. and Jeffrey, G. M. 1949, Proc. Soc. 
Exp. Bicl. & Med. 72: 587-588. 

21. Coatney, G. R. Personal communication. 
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found that in human vivax infections, 
25 mg weekly for 8 weeks results in com- 
plete cure of over 50% of the cases 
treated. 

The sulfa drugs to which P. berghei 
appears to be very susceptible have not 
been tried with the described curative 
test, and may lack correlation with the 
absence of curative effect in P. vivax 
infections. 


SUMMARY 


1. A test for curative effect of drugs on 
Plasmodium berghei in white mice has 
been devised and assessed as an indica- 
tor for drugs with curative effect on 
Plasmodium vivax infections in humans. 

2. When drugs were administered be- 
ginning on the day of infection, a high 
percentage of mice were cured of P. 
berghei, regardless of whether the drug 
used had curative or only suppressive 
effect on P. vivax. 


3. When administration of drug was 


delayed for 3 or 6 days after inoculation, 
the cure rate was markedly greater in 
mice receiving vivax curative drugs, as 
opposed to those receiving drugs with a 
suppressive effect on P. vivax. 

4. The order of curative effect of 
representative 8-aminoquinolines was 
the same as found by others for human 
vivax infections when the drug was 
given on days 3 to 8 of the infection. 
Primaquine was the most effective, 
pamaquine the least effective, and 
pentaquine was intermediate in curative 
effect. 

5. Of several miscellaneous com- 
pounds tested for curative effect with 
P. berghei in mice, oxytetracycline, 
chloramphenicol, and neomycin were in- 
effective at maximum tolerated doses. 
Endochin and chlortetracycline had 
some curative effect at high doses, 
while daraprim was the most effective 
drug tested and cured at levels of 1.6 mg 
per kg in the diet daily for 5 days. 





A TECHNIQUE EMPLOYING EMBRYONATED CHICKEN EGGS 


FOR THE 


INFECTION OF ARGASID TICKS WITH COX- 


IELLA BURNETII, BACTERIUM TULARENSE, LEP- 
TOSPIRA ICTEROHAEMORRHAGIAE, AND WEST- 
ERN EQUINE ENCEPHALITIS VIRUS 


WILLY BURGDORFER* AND EDGAR G. PICKENST 


The technique of feeding blood-suck- 
ing arthropods on chicken embryos has 
been used for the transmission of micro- 
bial diseases. Haas and Ewing (1945), 
for example, transmitted Plasmodium 
gallinaceum to chicken embryos by feed- 
ing A édes aegypti through the shell mem- 
brane. Ferris and Hanson (1952) de- 
scribed a technique of feeding mosqui- 
toes and flies on embryonated chicken 
eggs. Without giving any results they 
also reported the feeding of these in- 
sects through the air-cell membrane of 
normal and infected eggs in experiments 
on the transmission of vesicular sto- 
matitis virus. 

In 1949, one of the authors (E.G.P.), 
while engaged in studies involving the 
infection of ixodid ticks with spotted 
fever rickettsias, made several unsuc- 
cessful attempts to feed Dermacentor 
andersoni, Amblyomma maculatum, and 
Amblyomma americanum, as well as the 
mite Bdellonyssus bacoti, on the air-sac 
membrane of chick embryos. More re- 
cently, however, in connection with 
studies of the behavior of pathogenic 
microorganisms in argasid ticks, it was 
found that several species of the genus 
Ornithodoros fed successfully on the air- 
sac membrane of normal eggs and of 
eggs infected with Coxiella burnetii, 
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Bacterium tularense, Leptospira ictero- 
haemorrhagiae and western equine en- 
cephalitis virus. The method employed 
and results obtained in these experi- 
ments are the subject of this paper. 


MATERIALS AND METHODS 


All ticks used in the following experiments were 
reared at the Rocky Mountain Laboratory. The 
ticks studied included Ornithodoros moubata 
(Africa), turicata, parkeri, hermsi (western United 
States), and Argas reflexus (western United 
States). The fertile hens’ eggs were incubated at 
101 F for 10 to 12 days. The shell above the air 
sac was removed by means of a dental carbon 
disc, and the ticks placed on the shell membrane 
overlying the chorioallantoic membrane (see 
fig. 1). The eggs were then sealed tightly with 
cellulose tape and returned to the incubator for 
at least 8 to 12 hours. The adherence of ticks 
(especially larvae and nymphs) to the tape can be 
prevented by applying a piece of gauze over the 
opening before it is sealed. 

The data in table 1 show that a varying num- 
ber of ticks of each species, except the bird tick, 
A. reflexus, fed upon the embryonated eggs. The 
highest percentage of engorged ticks belonged 
to O. turicata (72 of 80) and O. moubata (130 of 
195). If the eggs, containing O. moubata, were 
taken out of the incubator after 12 hours and 
placed at room temperature for 2 to 3 hours with 
the cellulose tape removed, an increase to almost 
100% of engorged ticks could be obtained. At- 
tempts to induce O. hermsi, O. parkeri, and A. 
reflexus to feed by the placing of droplets of hu- 
man saliva on the membrane did not increase 
the numbers of fed ticks. Stained smears of gut 
contents, obtained shortly after the ticks had 
been removed from the eggs, revealed that the 
ticks had ingested chicken blood. 

The successful results of the described feeding 
experiments indicated that this method might be 
employed as a practical means of infecting 
argasid ticks with certain pathogenic micro- 
organisms which grow well in egg cultures. Ac- 
cordingly, we fed O. turicata as well as O. moubata 
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TABLE 1.—Results of feeding argasid ticks on the 
air-sac membrane of normal eggs. 





Number 
of ticks 
placed on Fed 
air-sac 
membrane 


Tick species Egg 


a Percent 





O. turicata 
(4th nymphal 
stage) 


SBNOUNEASNe 





Total 





O. moubata 
(4th nymphal 
stage) 





Total 





O. hermsi 
(4th nymphal 
stage) 


Ak OO @=~I1— 





Total 


— 
nN 


oO. porkeri 
(adult) 








Total 





A. reflexus 
(adult) 


27-36 10 on 


each egg 





Total 100 





on embryonated eggs infected with C. burnetii, 
Bact. tularense, Lept. icterohaemorrhagiae and 
western equine encephalitis virus. The results of 
these experiments are briefly reported in the fol- 
lowing paragraphs. 


RESULTS 


1. The infection of O. moubata 
with C. burnetii 


Sixty 5-day-old chicken eggs were 
inoculated with 0.5 ml of yolk-sac ma- 
terial infected with the Nine Mile strain 
of Q fever (Davis and Cox, 1938). The 
dosage used killed 42 of the embryos by 
the 7th day postinoculation. On the 6th 
day 200 O. moubata of the third nymphal 
stage were placed on the air-sac mem- 
brane for feeding. Eighty of these ticks 
had engorged after 12 hours and were 
stored at room temperature for titration 
tests in guinea pigs. 


Seven, thirty-five, and eighty-seven 
days after the infective feeding, lots of 
10 ticks each were washed in 1:1000 
aqueous merthiolate for 15 minutes, 
rinsed in saline to remove the disinfect- 
ing merthiolate, and triturated in 10 ml 
buffered saline. The suspensions were 
used as starting material for dilutions 
10-' through 10~ in experiment 1 (with 
ticks infected 7 days previously), 10-* 
through 10~* in experiment 2 (with ticks 
infected 35 days previously), and 10-5 
through 10-'° in experiment 3 (with 
ticks infected 87 days previously). One 
ml of each dilution was inoculated in- 
traperitoneally into four guinea pigs. 
In experiment 1, the guinea pigs injected 
with dilutions up to 10-* and in experi- 
ments 2 and 3 those injected with dilu- 
tions up to 10-7 developed positive 
complement-fixing antibodies against 
C. burnetii. These results prove the 
ability of O. moubata to ingest the 
rickettsias by feeding on infected chick- 
en embryos. They also confirm the de- 
velopment and persistence of C. burnetii 
in this tick, as reported by Davis (1943), 
Weyer (1948, 1949, 1950), Burgdorfer 
(1951) and Jadin (1951). 


2. The infection of O. moubata and 
O. turicata with Bact. tularense 


Seven-day-old chicken eggs were in- 
fected with Bact. tularense, strain no. 
14, isolated in 1951 from a cottontail 
rabbit, Sylvilagus sp., in Nevada. The 
ticks were placed on the air-sac mem- 
brane on the 5th day postinoculation, 
when 50% of the inoculated eggs were 
dead due to the infection. Eighty-four of 
100 O. moubata and 49 of 50 O. turicata 
became engorged. To demonstrate in- 
fection in these ticks, two pools of each 
species were titrated in mice 6 days after 
the infective feeding. After the ticks 
had been washed with merthiolate and 
rinsed in saline, three per pool were 
ground in buffered saline (1/10 ml per 
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mg of tick weight). The suspensions 
were used as starting material for dilu- 
tions 10-* through 10~”, and six 21-day- 
old mice were injected subcutaneously 
with 0.2 ml of each dilution. In all four 
experiments, concentrations of 
Bact. tularense were found in the tick 
tissues, with no differences noted be- 
tween the two tick species (see table 2). 

In transmission studies, the course of 
infection was also followed by means of 


high 


TABLE 2.-—Titration of O. moubata and O. turi- 
cata fed upon Bact. tularense-infected 
chicken eggs. 


Dilutions 
containing one 
mouse LD,* 


Tick species Pool no. 








O moubata 1 1078-74 
2 10-959 
O. turicata 1 10-9-60 
2 10°97 





* Logarithm of 50% infective end point, as determined by 
the method of Reed and Muench (1938). 


smears and microscopic sections. So far 
it has been found that Bact. tularense 
not only persists and develops in the 
ticks for a period of more than 200 days 
but that it is also ejected with the coxal 
fluid during the feeding of the ticks. 


3. The infection of O. moubata and 
O. turicata with Lept. ictero- 
haemorrhagiae 


A description of the experimental in- 
fection of argasid ticks with leptospiras 
has not been recorded in the literature.* 
The fact that leptospiras had been re- 
covered from rodents which serve as 
hosts of ticks and other arthropods sug- 
gested the feeding of O. moubata and O. 
turicata on eggs infected with Lept. 
icterohaemorrhagiae to determine if these 
ticks might serve as vectors of lepto- 
spiras. 

* After this paper had been accepted for pub- 
lication, it was learned that Schlossberger and 
Langbein (1952) had reported the experimental 


infection of O. moubata with Lept. icterohaemor- 
rhagiae after feeding on infected guinea pigs. 


Seven-day-old chicken eggs were in- 
jected with 0.4 ml of a leptospira cul- 
ture in Verwoert’s medium, strain 204, 
isolated from rats and maintained at the 
Rocky Mountain Laboratory. On the 
4th day postinoculation, 72 of 80 O. 
moubata, fourth nymphal stage, and 56 
of 64 O. turicata, fourth nymphal stage, 
fed on the infected chicken eggs. 

Each day after the feedings, ticks 
were dissected and their gut contents 
examined for the presence of living 
leptospiras by the darkfield technique. 
Active leptospiras were found easily 
during the first 3 days of infection but 
not in examinations made after this 
time. 

Seventeen days after the feeding on 
infected eggs, four ticks of each species 
were separately ground up in 2.5 ml of 
saline and injected intraperitoneally 
into two guinea pigs. The suspensions 
of O. moubata did not produce fever, but 
the animals injected with the suspen- 
sions of O. turicata became febrile on the 
5th day, and the blood of these guinea 
pigs, cultivated on Chang’s medium, 
revealed growth of Lept. icterohaemor- 
rhagiae after 5 days. 

Twenty-three days after the infective 
feeding, O. moubata were again tested 
for the presence of leptospiras patho- 
genic for guinea pigs. A lot of 10 ticks 
was ground in 3.0 ml of saline, and 1.0 
ml of the suspension was inoculated 
into each of two guinea pigs. Both ani- 
mals developed fever on the 4th day 
postinoculation, and the presence of 
leptospiras in their blood was proved by 
cultivation in Chang’s medium. These 
results indicate the persistence of the 
bacteria in at least some ticks. 

After the survival of leptospiras in O. 
turicata as well as in O. moubata had 
been established, the site of its per- 
sistence was investigated. Intensive 
studies on this question are in process. 
To date it has been found that the 
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leptospiras penetrate the gut wall, enter 
the body cavity, and invade principally 
the central ganglion and the coxal or- 
gans; they also are ejected with the 
coxal fluids during the tick feeding. 


4. The infection of O. moubata and 
O. turicata with western equine 
encephalitis virus 


Blood-sucking arthropods, mosqui- 
toes, and ticks are responsible for the 
transmission and distribution of several 
neurotropic viruses, such as equine en- 
cephalitis, St. Louis encephalitis, and 
louping ill. Syverton and Berry (1937) 
reported the successful experimental 
infection of D. andersoni with equine 
encephalomyelitis and demonstrated the 
survival of the virus through all tick 
stages, including the eggs. No work has 
been published, however, in which ticks 
of the genus Ornithodoros were examined 
to determine their ability to serve as 


Fic. 1. 
eggs. 


vectors of such diseases. As ticks of this 
genus have been shown to feed readily 
on eggs, attempts were made to infect 
O. moubata and O. turicata with western 
equine encephalitis virus. In these ex- 
periments, 10-day-old eggs were in- 
jected with 0.05 ml of an inoculum 
which made of infected chicken 
embryos and which killed 75 of 85 eggs 
within 24 hours. A total of 84 of 100 O. 
moubata and 27 of 30 O. turicata, all in 
the fourth nymphal stage, engorged 
upon the eggs. 


was 


Fifteen days after the infective feed- 
ing, 4 ticks of each species were ground 
in 1.5 ml saline (containing 10% rabbit 
serum, 450 units of penicillin, and 450 
mg streptomycin), and 0.05 ml of this 
suspension was injected intraperitone- 
ally into six 6-day-old mice. As a con- 
trol, suspensions of normal ticks were 
injected into other litters. 

All mice which received the suspen- 


O. moubata and O. turicata feeding on the air-sac membrane of embryonating chicken 
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sions of O. turicata died within 48 hours 
after the inoculation. Those injected 
with the suspensions of O. moubata and 
of clean ticks—O. moubata as well as O. 
turicata—remained normal. Twenty-five 
days after feeding, a second test was 
performed with 6 O. moubata and 3 O. 
turicata. All mice of this experiment 
were dead on the 3rd day. In order to 
prove that the death of these mice was 
due to the viral infection, the brains 
were triturated in normal rabbit serum, 
and the suspensions were set up against 
immune of rabbits which had 
been infected with a well-known strain 
of western equine encephalitis. The 
positive results of these neutralization 
tests proved the infectivity of the ticks 
for mice and also the survival of the 
virus in the ticks for at least 25 days. 


serum 


5. The detection of infected argasid 

ticks by feeding on normal eggs 

The technique of feeding ticks on 
embryonated chicken eggs is useful not 
only for infecting ticks with various 
agents which may be cultivated in 
chicken embryos, but also for the detec- 
tion of infected ticks. An example is 
given in the following transmission ex- 
periments with relapsing fever spiro- 
chetes, Borrelia turicatae and Borrelia 
parkeri. 

Experiment 1.—Twenty O. turicata, 
the progeny of a female infected with B. 
turicatae and therefore probably also 
carriers of spirochetes by transovarial 
infection, were fed in groups of 5 ticks 
each on four 11-day-old normal chicken 
eggs. After 5 days incubation at 96 F, 
the embryos were examined for the 
presence of spirochetes. The occurrence 
of B. turicatae in three eggs indicated the 
infectivity of and transmission by the 
ticks. 

Experiment 2.—One O. parkeri in- 
fected with B. parkeri was fed on an 11- 


Gay-old normal egg. The presence of 
spirochetes in the blood of the chicken 
embryo indicated infection from the 
tick. 
DISCUSSION 

Many epidemiological problems in re- 
lation to the distribution and transmis- 
sion of human as well as animal diseases 
by blood-sucking arthropods are still 
unsolved, and the life cycle of patho- 
genic microorganisms in different vec- 
tors is the subject of intensive studies. 
Little, for instance, is known about the 
importance of arthropods in the epi- 
demiology of leptospirosis; this in spite 
of the fact that leptospiras have been 
recovered from numerous rodents which 
may serve as hosts of such ectopara- 
sites. Another problem of interest is the 
question of whether argasid ticks in ad- 
dition to ixodid ticks and insects play a 
significant role in the maintenance and 
distribution of virus diseases in nature. 
Many of the agents (rickettsias, lepto- 
spiras, viruses, and others) are culti- 
vated in embryonated chicken eggs for 
experimental work. The described tech- 
nique of feeding argasid ticks on the air- 
sac membrane of eggs represents, there- 
fore, a practical and economical method 
not only of infecting ticks in order to 
study the behavior (persistence, de- 
velopment, change of virulence, etc.) of 
pathogenic microorganisms but also of 
identifying vectors and transmitters of 
diseases. 

SUMMARY 


1. A technique for feeding argasid 
ticks of the genus Ornithodoros (QO. 
moubata, O. turicata, O. parkeri, O. 
hermsi) on the membrane of 
embryonated chicken eggs is reported. 
Several attempts to feed Argas reflexus 
by the same method failed. 

2. The technique is also practical for 
testing argasid ticks for their ability to 


air-sac 
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ingest, to preserve, or to transmit dis- 
ease agents that can be cultivated in 
eggs and also for research studies re- 
garding the life cycle and behavior of 
such agents in ticks. 

3. Infections of O. moubata and O. 
turicata with Coxiella burnetii, Bacterium 
tularense, Leptospira icterohaemorrhagiae 
and western equine encephalitis virus 
by feeding on infected eggs were suc- 
cessfully accomplished. 

4. In transmission studies, normal 
eggs were used to detect infections of 
relapsing fever spirochetes in O. turicata 
and O. parkerz ticks. 
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An adequate explanation of the fac- 
tors underlying the virulence of the 
tubercle bacillus is not yet available al- 
though a number of chemical, metabolic 
and morphologic characteristics have 
been found to correlate well with the 
disease-producing capacity of the or- 
ganism.' These include the presence 
in the bacillary cell of certain chemi- 
cal constituents,?~’? the activities of 
bacilli or their components in various 
chemical,*-" physical’ and 


biologic 
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lence is very suggestive, as will be de- 
tailed below. However, the property of 
virulence may be predicated upon two 
broad bases; the first, that a microbe 
possesses the capacity to overcome in 
some way the native defensive abilities 
of the host and thus in an aggressive 
fashion to establish itself in the tissues; 
the second, that the parasite needs no 
special qualifications except those meta- 
bolic and nutritional characteristics re- 
quired to utilize the host environment 
as a growth medium. 

The first case is exemplified by viru- 
lence of the pneumococcus. The leuco- 
cytes of the normal host are potentially 
protective against this organism, but 
ordinarily the virulent pneumococcus 
successfully evades engulfment by these 
celis, an ability which it owes to its 
polysaccharide capsule. Hence the pneu- 
mococcal capsule, by discouraging pha- 
gocytosis, qualifies as an aggressive fac- 
tor of virulence. Pneumococci without 
capsules are readily ingested and de- 
stroyed by normal leucocytes, and are 
avirulent. 

The second case postulated above is 
illustrated by the studies of Bacon et 
al*® with purine-requiring mutants of 
Salmonella typhosa and of Garber and 
co-workers®® with similar mutants of 
Klebsiella pneumoniae. In both cases 
these mutants of virulent strains fail to 
proliferate in the peritoneal cavities of 
mice because of the unavailability of 
purines in that locale. In the experi- 
ments with AK. pneumoniae it was found 
that injection of purine into the peri- 
toneal cavity permitted bacillary growth 
and consequent death of the host. In 
both these cases strains of bacteria 
otherwise apparently equivalent to the 


28. Bacon, G. A., Burrows, T. W. and Yates, M. 
1950, Brit. J. Exper. Path. 31: 703, 714; 1951, 
32: 85. 

29. Garber, E. D., Hackett, A. J. and Franklin, 
R. 1952, Proc. Nat. Acad. Sc. 38: 693. 


virulent parent strain were distin- 
guished from it by a single nutritional 
requirement, and on this basis lacked 
virulence. When this nutritional re- 
quirement was artificially supplied in 
the host environment, the organisms 
displayed virulence. 

Turning to a consideration of the 
tubercle bacillus in the light of these 
examples, we find that certain of the 
evidence referred to earlier can be 
marshalled for the case of aggressive 
pathogenicity. In the first place, macro- 
phages of the normal host have some 
capacity to inhibit bacillary growth. 
Virulent tubercle bacilli ingested by the 
normal macrophages of a susceptible 
host species proliferate relatively slowly, 
while avirulent bacilli either fail to 
multiply*°*! or do so only in limited de- 
gree and eventually disappear com- 
pletely from the tissues.*? Suter* has re- 
ported that in tissue cultures macro- 
phages inhibit the multiplication of 
avirulent bacilli. This effect is not a 
striking one when compared with the 
destructive activity of leucocytes upon 
pneumococci. 

As for aggressive activities on the 
part of the parasite, there are certain 
indications that virulent tubercle bacilli 
may combat the defensive activities of 
macrophages. It is apparent that these 
organisms do not interfere with phago- 
cytosis itself, for virulent bacilli are as 
readily phagocytized as are avirulent 
strains. Whatever antiphagocytic pow- 
ers the virulent bacillus may possess 
must presumably come into play after 
the parasite has been engulfed. Bloch® 
has suggested that the cord factor acts 
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as a ‘cover’ protecting bacteria from di- 
gestion by phagocytes. A destructive 
activity upon polymorphonuclear pha- 
gocytes has been described by the same 
author* from experiments in mice, and 
by a number of other workers from 
studies of infected tissue cultures. 
Maximow,® Haagen** and _ others,*? 
amongst earlier workers, and more re- 
cently Fell and Brieger,*8*° Macka- 
ness" and Suter** have found that 
virulent bovine and human tubercle 
bacilli disrupt the phagocytes of suscep- 
tible species in tissue culture. If this 
evidence were entirely clear there would 
be good reason to conclude that the dis- 
tinctive feature of virulence of the tu- 
bercle bacillus lies in its power to injure 
or kill those cells of the normal body 
which might otherwise hinder its pro- 
liferation in the tissues. However, sev- 
eral considerations becloud the issue: 

First, not all virulent varieties of the 
bacillus disrupt cells of susceptible hosts 
in tissue culture. Virulent avian bacilli 
establish a symbiotic relationship with 
phagocytes.4?.4-4 
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Ss 157. 
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38. Fell, H. B. and Brieger, E. M. 1951, J. Hyg. 
49: 181. 

39. Brieger, E. M., Fell, H. B. and Smith, B. R. 
1951, J. Hyg. 49: 189. 

40. Brieger, E. M. 1951, Adv. in Tuberc. Re- 
search 4: 236. 

41. Mackaness, G. B. 1952, J. Path. Bact. 64: 
429. 

42. Mackaness, G. B. and Smith, N. 1953, Am. 
Rev. Tuberc. 67: 322. 

43. Fischer, A. 1927, Arch. f. Exper. Zellforsch., 
3: 389. 

44. Fell, H. B. and Brieger, E. M. 1947, J. Hyg. 
45: 359. 

45. Brieger, E. M., Miles, J. A. R., Cosslett, 
V. E. and Horne, R. W. 1951, Nature, 168: 
96. 


Second, in at least one instance even 
avirulent bacilli appear to overgrow 
and destroy phagocytes in tissue cul- 
ture; this is described as occurring with 
avirulent human bacilli in rabbit cell 
cultures.*°:47 

Third, and perhaps most important, 
it seems improbable that the excessive 
bacillary proliferation which leads to 
cell destruction in cultures represents 
the usual situation in vivo. Brieger, Fell 
and Smith*?4° infected rabbits with 
bovine bacilli and explanted their 
splenic tissue to cultures. These ex- 
plants were examined simultaneously 
with the spleen which had remained in 
situ, with strikingly different results. 
After ten days, when the spleen cultures 
teemed with bacilli and a good deal of 
phagocytic destruction had occurred, 
only very few organisms were demon- 
strable in the spleen itself, and the cells 
containing these were apparently 
healthy. Brieger and his associates sug- 
gest that this difference may owe to the 
presence of an inhibitory factor in vivo 
which is absent in tissue cultures, or, 
alternatively, that body cells contain 
organisms which are not made recog- 
nizable by the usual staining proce- 
dures.“ Lurie*® infected macrophages 
with virulent bacilli and transferred 
them to the anterior chambers of rabbit 
eyes. The bacteria multiplied, but here 
again the cells which harbored them re- 
mained alive and apparently normal. 

It seems to follow from these observa- 
tions that the macrophage-damaging 
activity of virulent bovine and human 
tubercle bacilli becomes manifest only 
after considerable intracellular bacillary 
proliferation has occurred, and that this 
occurrence is much more striking under 
the artificial condition of tissue culture 
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than of the body itself. Whether the ob- 
servations so far made can adequately 
explain the ability of virulent bacilli to 
establish themselves in the body seem, 
therefore, open to question. 

Since the inhibitory influence of 
phagocytes upon avirulent bacilli seems 
to be a rather mild one in the sense that 
it does not result in an abrupt destruc- 
tion of organisms, this influence is per- 
haps as readily explainable by failure of 
the interior of the cell to provide a prop- 
er milieu for growth of the microbes as 
upon the presence of a more specific 
antimicrobial mechanism.‘ As there is, 
furthermore, no conclusive evidence 
that the antiphagocytic activity of 
virulent bacilli observed in tissue cul- 
tures necessarily portrays the situation 
which exists in vivo, we are justified in 
questioning the importance of the part 
played by the ‘‘aggressiveness”’ of these 
bacilli in relation to their virulence. 
These doubts provide an ample basis for 
seeking additional evidence on the ques- 
tion of the nature of the virulence of 
this bacterium. 

We are led then to the second of the 
general concepts of virulence alluded to 
above—that a major difference between 
virulent and avirulent tubercle bacilli 
may be determined by some metabolic 
characteristic which permits virulent 
organisms to better utilize the host cell 
as a growth medium. This suggestion 
has been made before,*® and on such a 
premise Holmgren and Youmans* re- 
cently investigated the influence of 
various plasma constituents and of 
vitamins upon the generation times of 
virulent and avirulent bacilli. Certain 
substances, of which bovine serum was 
the best example, were found to stimu- 
late the proliferation of virulent organ- 
isms appreciably while having no effect 
49. Rich, A. R. 1951, Pathogenesis of Tuber- 


culosis, ed. 2, Springfield, Illinois, Charles C 
Thomas, 


upon avirulent strains. These studies 
suggest that virulent organisms may 
make better use than do avirulent ones 
of constituents of the blood, and con- 
ceivably this may explain to some ex- 
tent the ability of the virulent organism 
to multiply in the body. It does not, 
however, explain the suppression of 
avirulent bacilli which occurs in vivo. 

It is well known that the tubercle 
bacillus requires oxygen for its growth 
and even its survival, and that the res- 
piration and proliferation of the organ- 
ism diminishes with decreasing oxygen 
tension in the environment.®®-*8 Vor- 
wald®® studied the relative susceptibili- 
ties of adult and fetal guinea pigs to 
tuberculous infection and found the re- 
fractoriness of the latter to change to a 
state of receptiveness following birth. 
The suggestion was made that the in- 
hospitality of the fetal tissues to the 
bacillus may depend upon the low oxy- 
gen tension prevailing in them. The 
partially inhibitory effect of low en- 
vironmental oxygen tensions upon the 
progression of tuberculosis in animals 
has been demonstrated directly by Rich 
and Follis.*° Olson and _ co-workers® 
have found that manipulation of the 
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pulmonary circulation in monkeys re- 
sults in more pronounced tuberculous 
lesions in the areas receiving more 
highly oxygenated blood. Recently re- 
ported studies of resected lung speci- 
mens indicate that microscopically in- 
tact bacilli from closed cavities fre- 
quently fail to grow in cultures or ani- 
mals. The major basis for this may be 
the inhibitory or toxic effect of oxygen 
deficiency in these cavities.4*:57-8.68 

It seemed possible to us that a low 
level of oxygen might be even more re- 
pressive to avirulent organisms than to 
virulent, and that an oxygen tension 
approximating that of the tissues might 
reveal a differential inhibition of the 
activities of these two kinds of tubercle 
bacilli. This possibility was studied 
both with respect to respiration and 
growth. The present paper details the 
influence of diminished oxygen tension 
upon respiration, and the succeeding 
report documents its effects upon the 
multiplication of virulent and avirulent 
strains. 


MATERIALS AND METHODS 


Ten strains of Mycobacterium tuberculosis were 
used in this study. The virulent strains are desig- 
nated as H37Rv, Ravenel, Campbell and Cutter; 
attenuated ones as BCG and R1Rv; and aviru- 
lent strains as H37Ra, JH6Ra, JH16Ra and 
RiRa. Most of these are well-known standard 
strains which were obtained from the Trudeau 
Laboratory; the Cutter strain is an old labora- 
tory culture of a human variant, which was sup- 
plied by the Cutter Laboratories of Berkeley, 
California. This organism was obtained from 
the Department of Agriculture. The BCG was 
obtained several years ago from Dr. Aronson of 
the Phipps Institute. With the exceptions of the 
bovine strains BCG and Ravenel, all are human 
varieties. The organisms were cultured at 37 C in 
thin layers of Dubos-Davis ‘‘Tween-albumin” 
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medium contained in Roux bottles. The cells 
were harvested from the medium by centrifuga- 
tion; in some experiments they were resuspended 
in fresh Dubos-Davis medium, while in others 
the cells were washed three times by centrifuga- 
tion and resuspended in M/15 phosphate buffer 
of pH 6.2. The most critical detail was the 
preparation of fairly uniform cell suspensions of 
identical turbidities for each comparative test. 
These determinations were made with the Klett- 
Summerson photoelectric colorimeter, using a 
no. 54 filter. Clumping was minimal in the 
Dubos-Davis medium, and al! turbidity meas- 
urements were made in it. Cell turbidity values 
reported in this paper represent Klett values for 
1:10 dilutions of the cell suspensions employed. 
When phosphate buffer was the suspending 
fluid, turbidity measurements were made on the 
original culture before washing, care being taken 
to retain all cells in the washing procedure. 

Conventional Warburg manometry, generally 
using a Lardy-type apparatus, was employed at 
37 C. In some comparative experiments the ves- 
sels were horizontally shaken in an Aminco ap- 
paratus but no difference in results was noted. 
Gas mixtures were prepared by diluting air with 
nitrogen over water, or were delivered directly 
from a commercially prepared tank mixture of 
1% oxygen, 0.03% carbon dioxide and 98.97% 
nitrogen. The Warburg vessels were flushed 10 to 
15 minutes with the desired gas mixture. 

The respiration experiments were designed to 
test pairs of strains, i.e., a virulent versus an 
avirulent strain, a virulent against an attenu- 
ated, or an attenuated versus an avirulent strain. 
Inasmuch as avirulent strains generally multiply 
more slowly than virulent ones, the harvest time 
was controlled by the extent of growth of the 
avirulent strain. A pair was always harvested at 
the same culture age, usually 9 to 14 days. 

It was desired to determine whether tissue or 
leucocyte juices or the serum of guinea pigs 
might influence the respiratory activities of 
these bacilli at the oxygen tensions employed. 
Accordingly, livers, lungs and spleens from 
normal animals were washed well with saline and 
homogenized in a Waring blendor. The homog- 
enized material was then centrifuged at 18,000 
r.p.m. and the supernatant fluid collected and 
employed as the tissue extract. Suspensions of 
phagocytes were obtained from the peritoneal 
cavities of aleuronat-treated guinea pigs, and the 
particulate matter sedimented by light centrif- 
ugation was macerated with glass in a mortar. 
This material was further disintegrated by high 
speed mechanical shaking in the presence of small 
glass beads. The glass was removed by centrifu- 
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gation and the supernatant material was mixed 
with an equal volume of saline. Serums were ob- 
tained in the conventional manner. The respira- 
tory activities of the different strains were de- 
termined with the cells suspended in the cellular 
extracts or in serum. 


RESULTS 


Effect of cell concentration on respira- 
tion.—In preliminary studies concerned 
with the determination of suitable con- 
centrations of bacteria to be employed, 
it became apparent that the amounts of 
oxygen consumed were not proportional 
to the concentrations of cells employed. 
These observations are summarized in 
table 1. In no instance was the rate ot 
oxygen consumption excessive for War- 
burg studies. Doubling or quadrupling 
the concentrations of bacteria in the 
Warburg flasks, all other factors being 
constant, did not result in correspond- 
ing increases in the amounts of oxygen 
consumed, and the departure from a 
linear relationship was much more pro- 
nounced at the lower oxygen tension. 
The greatest difference in the extent of 
respiratory inhibition at the low oxygen 
tension as between avirulent and viru- 
lent bacilli occurs at the lowest cell con- 
centrations. With increase in cell popu- 
lation, the inhibitory effect of the low 
oxygen tension upon the respiration of 
the virulent strain approaches that ob- 
served with the avirulent one. These 
results, in part, reflect peculiarities of 
the tubercle bacillus and, to a lesser 
extent, limitations of the Warburg 
technique. These studies, and other pre- 
liminary ones with Myco. tuberculosis, 
indicate that the concentrations of cells 
in comparative studies of the respiration 
of virulent and avirulent bacilli must be 
as nearly the same as possible. In earlier 
studies in this laboratory Futrelle™ and 


64. Futrelle, C. M. 1951, Influence of Oxygen 
Tension on the Respiration of the Tubercle 
Bacillus, Master of Arts Thesis, Stanford 
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Marino® had observed that the rates of 
respirations of various other bacteria 
were not directly proportional to the 
concentrations of the cell suspensions, 
all other variables being constant. Dis- 
crepant results reported in the literature 
may in part be due to failure to recog- 
nize this effect of cell concentration. 

Effect of oxygen tension upon respira- 
tion.—Turning now to the question of 
oxygen utilization under reduced oxy- 
gen tension, Kempner: concluded, 
contrary to the generally accepted con- 
cept, that the rate of respiration of vari- 
ous cells is dependent upon oxygen 
tension. Its influence was found to be 
more pronounced at 37 C than at tem- 
peratures close to 0 C, the solubility of 
oxygen being considerably less at the 
higher temperature. In studies in this 
laboratory*® it has also been observed 
with various bacteria that the rate of 
respiration depends upon the oxygen 
tension. At constant cell concentrations 
these results are in agreement with those 
of Kempner, i.e., the rate of respiration 
decreases below limiting oxygen ten- 
sions characteristic for a given species 
and test conditions. 

In our studies with Myco. tuberculosis 
the vessels were flushed with the gas 
mixture under test at least every 30 
minutes when the oxygen consumption 
was such that a iaarked change in ten- 
sion occurred. Oxygen consumption 
values per hour are calculated from 
periods of observation of 30 minutes or 
less to reduce the error introduced by 
marked change in tension during the 
measurements. The results, as indicated 
by the figures mentioned earlier for the 
amounts of oxygen consumed by the 1:4 
dilution of the stock suspension, reveal 
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that the oxygen demand of even the 
most dilute cell suspension is not met 
under the experimental! conditions when 
the cells are respiring in an atmosphere 
containing 1% oxygen. The oxygen in 
the vessel is not completely utilized, 
approximately 150 mm? having been 
present at the start and slightly more 
than 100 mm at the end of 1 hour. 
When this matter was further examined 
by testing the same volumes of cell 
suspensions in larger Warburg flasks of 
40 and 125 ml capacity, in which the 
total oxygen available and its rate of 
diffusion were increased, less respira- 
tory inhibition was noted, but the sensi- 
tivity of the measurements was greatly 
reduced. These studies suggest that the 
rate of oxygen utilization may actually 
be independent of the oxygen tension 
down to very low levels of oxygen under 
ideal conditions. But these conditions 
are seldom encountered in ordinary 
manometric studies, and certainly would 
not prevail in vivo. 

Comparative respirations of virulent, 
attenuated and avirulent bacilli under 
low oxygen tension.—As stated under 
Methods, cells from cultures of the same 
chronological age were employed in the 
comparative studies. The growth of 
virulent strains generally occurs at a 
more rapid rate than that of avirulent 
ones, and it could be argued that physi- 
ological age of the cells might influence 
the results. Comparative studies were 
made with cells from cultures of differ- 


TABLE 1.—Influence of cell concentration on the in- 
hibition of respiration of tubercle bacilli at 
reduced oxygen tension. 

















’ a : ’ Percent 
’ Air® © * 

Strain Dilution Air 1% O: inhibition 

H37Ra 208 50 76 
1:2 88 31 65 
1:4 59 35 41 

H37Rv 126 41 67 
1:2 72 47 35 
1:4 57 45 21 





* Mm! oxygen consumed in 60 minutes in Dubos-Davis 
medium. 


ent ages, and little or no difference 
could be noted in their respiratory ac- 
tivities. In one or two instances H37Ra 
and H37Rv gave approximately the 
same crop yield from inoculums of simi- 
lar size in the same length of time. The 
relative behavior of these cells was the 
same as that of cells from cultures of the 
same age but in which H37Rv gave 
much higher crop yields than H37Ra. 
Physiological and chronological ages 
were the same in the first case, probably 
different in the latter, but respiratory 
differences were the same as far as 
could be ascertained. It appears, there- 
fore, that the major variable is cell con- 
centration, and this was rigidly con- 
trolled. When the rate of respiration 
was relatively high at the low oxygen 
tension, the flasks were flushed as men- 
tioned above with the gas mixture at 
appropriate intervals so that, in general, 
the oxygen tension in the flasks was 
maintained at a level of 0.5 to 1.0%. 
Typical results of oxygen consumption 
studies of cells of the various strains 
suspended in phosphate buffer, in the 
buffer plus lactate as the substrate, and 
in Dubos-Davis medium are presented 
in table 2. 

There are two quite consistent fea- 
tures evident in these data: first, the 
avirulent strains tend to respire at a 
higher rate than do their virulent test 
partners of the same turbidity; and 
second, the respiration of an avirulent 
strain is inhibited to a greater extent 
than that of its virulent partner at an 
oxygen tension of 1%. Essentially the 
same behavior was noted when acetate 
was substituted for lactate as a sub- 
strate. In some instances the difference 
between the extent of inhibition of the 
avirulent and the virulent member of a 
pair was not pronounced but the tend- 
ency for the avirulent partner to be in- 
hibited to a greater extent was always 
observed in these and in similar experi- 
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TABLE 2.—Respiration of virulent, attenuated and avirulent strains of tubercle bacilli in 
phosphate buffer, pH 6.2, and in Dubos-Davis medium. 





Endogenous Lactate Dubos- Davis 





Strain Percent 
inhibition 


Percent 
inhibition 


Percent 


sere 
1% O* inhibition 


Air* 1% O* 


212 66 69 
165 61 63 
[350] 


Air* 1% O* 








35 73 
32 70 


H37Ra (AV) 
H36Rv (V) 


BCG (AT) 
Ravenel (V) 
JHORa (AV) 
Campbell (V) 


JH16Ra (AV) 
Cutter (V) 


132 30 76 
106 87 22 75 
[285}t [285] 


58 40 117 49 59 148 58 61 

74 
[260] 
317 


47 29 41 45 81 53 35 
[335] 

70 78 90 30 66 

232 66 72 50 26 48 

[450] [147] 

25 52 201 74 63 118 48 59 

27 44 99 63 
[380] 


66 
[335] 

31 15 52 

16 11 31 
[147] 

52 

48 95 
[190] [190] 








AV =avirulent, V =virulent, and AT =attenuated strain. 
* Mm oxygen consumed in 60 minutes. f Py. , 4 - 
t The figures in brackets are Klett readings on 1:10 dilutions of the suspensions employed in each comparative test. 


ments. The concentration of the cells 
and the nature of the test strain influ- 


suspended in leucocyte extract, but this 
phase of the study was limited to the 


ence the numerical values of the results. 

In other experiments the cells were 
suspended for the manometric measure- 
ments in normal serum, tissue juice or 
leucocyte extract to provide chemical 
constituents in the medium more closely 
approaching those encountered in the 
host animal. The results of oxygen con- 
sumption studies with serum or with 
tissue juice as the suspending medium 
are reported in tabie 3. The pattern of 
respiratory activity is entirely similar to 
that shown in table 2, the avirulent 
strain respiring more actively than its 
virulent test partner in an atmosphere 
of air and being inhibited to a greater 
extent at 1% oxygen tension. The same 
behavior was noted when the cells were 


pairs H37Ra-H37Rv and BCG-Rave- 
nel. With the former pair inhibitions of 
45 and 25%, respectively, were noted, 
with the latter 43 and 40%. Similar re- 
sults, to be reported elsewhere, were ob- 
tained when the cells were suspended in 
serums or in tissue extracts from im- 
munized animals. 


DISCUSSION 


The results recorded in this paper are 
suggestive rather than conclusive; they 
indicate that the respiration of aviru- 
lent strains of the tubercle bacillus is 
inhibited to a greater extent at 1% oxy- 
gen tension than is that of virulent 
strains. The endogenous oxygen con- 
sumption values reported in table 2 


TABLE 3.—Respiration of virulent, attenuated and avirulent strains of tubercle bacilli in 


the presence of normal serum or of tissue juice. 





Strain Turbidityt 





Tissue juice 


1% O:* 


Air* 





enceist Turbidityt 


a Percent 
inhibition 


% O* 9 ae ae 
1% O1 inhibition 





H37Ra (AV) 
H37Rv (V) 
BCG (AT) 
Ravenel (V) 
JH6Ra (AV) 
Campbell (V) 
JH16Ra (AV) 
Cutter (V) 
R1iRa (AV) 
R1 Rv (AT) 


208 
208 
160 
160 
187 
187 
415 


116 
219 
158 
261 
103 
218 
415 166 
210 167 
210 88 


260 





AV =avirulent, V =virulent, and AT =attenuated strain. 


* Mm! oxygen consumed in 60 minutes. 


t Klett readings on 1:10 dilutions of the suspensions employed. 
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show a range of respiratory inhibition at 
1% oxygen tension of from 29 to 70% 
for virulent strains and of 52 to 73% for 
avirulent ones. Offhand, this suggests 
that certain avirulent strains are in- 
hibited to a lesser extent than are some 
virulent ones. However, such a com- 
parison is probably not valid, for each 
strain exhibits a different Qo,, and the 
effect of cell concentration differs to 
some extent with the test strains. The 
earlier studies of Futrelle* and of 
Marino® revealed the marked influence 
of cell concentration upon oxygen up- 
take, particularly so at reduced oxygen 
tension. This effect is shown in table 1, 
which indicates also that the actual per- 
centage of respiratory inhibition is de- 
pendent in considerable part upon the 
concentration of cells employed. This 
was maintained constant for each pair 
of organisms studied in any one test, 
the pairing being done on a random 
basis. 

If the results with the H37 strains are 
excluded—although these show the 
same pattern of inhibition as other 
pairs, particularly at the lowest con- 
centration of cells employed (table 1)— 
the ranges are 29 to 44% for the inhibi- 
tion of endogenous respiration of the 
virulent strains and 52% for the two 
avirulent ones. Respective figures for 
inhibition in the presence of lactate are 
36-72 and 63-78; in Dubos-Davis 
medium 35-53 and 59-66; in serum 45— 
69 and 58-74; and in tissue juice 40-61 
and 44-70. Quantitatively these figures 
leave much to be desired, but they 
create the over-all impression that in 
suspensions of the same turbidity pre- 


pared from cultures of the same age 
there is at least a marked tendency for 
the respiration of avirulent strains to 
be inhibited to a greater extent than 
that of virulent ones at 1% oxygen ten- 
sion. On the basis of these considera- 
tions it was thought that a study of the 
growth of virulent and avirulent bacilli 
might reveal a differential influence of 
low oxygen tension more susceptible to 
quantitative study as well as more di- 
rectly pertinent to the question of 
virulence mechanisms. The results of 
such a study are detailed in the follow- 
ing paper. 


CONCLUSIONS 


The evidence presented in this study 
suggests that avirulent strains of the 
tubercle bacillus generally respire in air 
at a more rapid rate than do their 
counterpart virulent strains of the 
same culture age adjusted to the same 
suspension turbidity. This relationship 
is maintained at 1% oxygen tension, 
but, in addition, respiration of the 
avirulent strains tends to be inhibited 
to a greater extent than that of the 
virulent strains. In many instances this 
difference in extent of inhibition is quite 
marked and appears to be independent 
of the nature of the suspending medium. 
Such a differential inhibition of respira- 
tion at reduced oxygen tensions might 
lead to a decreased rate of growth of 
avirulent strains in vitro and might 
possibly, in part at least, account for the 
failure of avirulent strains to multiply 
in the tissues of a host in which a viru- 
lent strain can multiply. 
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In the preceding paper! the current 
status of information concerning the 
mechanism of virulence of the tubercle 
bacillus was outlined, together with a 
rationale for the investigation of the 
possible relationship of oxygen tension 
of the environment to the fates of viru- 
lent, attenuated and avirulent bacilli in 
the tissues. A study by Warburg ma- 
nometry of the respiratory activities of 
these bacilli at an oxygen tension of 1% 
revealed that this low concentration of 
oxygen results in inhibition of respira- 
tion of all organisms, but that the aviru- 
lent bacillus is apparently more seri- 
ously hindered in this respect than is the 
virulent. This, in turn, suggested that 
the factor of oxygen tension might be of 
importance in determining the inhibi- 
tion of growth of avirulent bacilli in the 
body while virulent bacilli multiply 
progressively. In order to test this point 
directly the present experiments on 
growth were undertaken with a number 
of strains of human and bovine varieties 
of Mycobacterium tuberculosis. 


MATERIALS AND METHODS 


Eight strains of Myco. tuberculosis described in 
the preceding paper (H37Rv, H37Ra, Campbell, 
Cutter, Ravenel, BCG, JH6Ra, and JH16Ra),! 
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two additional laboratory strains, H4Ra and 88, 
and five strains freshly isolated from patients 
were included in this study. Strain 88, a human 
virulent strain, was acquired in 1952 from Dr. 
C. Richard Smith of the Barlow Sanatorium, 
Los Angeles, California. Strain H4Ra, an aviru- 
lent human type variant, was obtained in 1950 
from Mr. W. Steenken, Jr., of the Trudeau 
laboratory. The five latter cultures, Chris, Mel, 
Mose, Con, and Val, were recovered through, the 
kind cooperation of Drs. Lincoln Putnam and 
William Van Deventer, from the sputa of tuber- 
culous patients at the Hassler Health Home, Red- 
wood City, California. After proper treatment, 
the sputum samples were streaked on Dubos oleic 
acid-albumin medium containing penicillin, and 
transplants from isolated colonies were made to 
glycerin egg slants. No attempt was made to type 
these isolates. 

The stock cultures were maintained on glycerin 
egg medium and transfers were made from them 
to Dubos Tween medium before the start of the 
growth experiments. The bacteria were subcul- 
tured in this liquid medium at intervals of 4 days 
in order to maintain the organisms in a state of 
rapid multiplication. This medium was em- 
ployed because tubercle bacilli grow readily in it, 
clumping is not pronounced, and growth tends to 
be diffuse. Acid-fast stained smears of the stock 
cultures and of many of the test cultures were 
examined to detect possible contaminants. Flasks 
of uninoculated medium were 
sterility controls. 

Four-day-old Tween medium cultures served 
as the inoculums in all experiments. These were 
diluted with fresh medium to a turbidity reading 
of 60 to 70 as determined by a Klett-Summerson 
photoelectric colorimeter equipped with a no, 54 
green filter. In two experiments somewhat 
lighter suspensions were employed as the parent 
cultures, and in one test heavier inoculums were 
used. For inoculation, 10 ml amounts of the 
diluted bacterial suspensions were added to 200 
ml of fresh medium, which was then dispensed 
in 15 ml amounts to sterile 50 ml cotton-stoppered 
Erlenmeyer flasks. The cultures were incubated 
at 37 C in a constant temperature room; one 
series was exposed to the air in the room, and the 
other was placed in 10 L glass desiccator jars 


incubated as 
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equipped with inlet and outlet tubes for the pas- 
sage of gas mixtures of reduced oxygen content. 
The gas mixture bubbled through a water bottle 
before entering the desiccator jar, flowed through 
the jar, and passed through another water bottle 
before discharging into the room. This second 
water bottle served as a barrier to prevent room 
air from entering through the outlet tube. A 
positive gas pressure was maintained in the 
desiccator jars at all times, with the gas passing 
into the chambers at a rate of about 60 bubbles 
per minute. After the jars were opened for the 
removal of sample flasks, the rate of flow of the 
gas mixture was accelerated for 15 minutes to 
obtain replacement of the air in the chambers. In 
all experiments oxygen passed by diffusion into 
the culture flasks; no gas was bubbled directly 
through them. Commercially prepared gas mix- 
tures were employed for the growth experiments 
at lowered oxygen tension, 1% oxygen being 
employed with either 7.5 or 0.3% carbon dioxide 
and the remainder nitrogen. Experiments were 
also run using a mixture consisting of 92.47% 
nitrogen, 7.5% carbon dioxide, and 0.03% oxy- 
gen. 

Sample flasks were removed at weekly in- 
tervals for determinations of amounts of growth. 
One experiment extended over 4 weeks, 7 over a 
period of 3 weeks, the remainder over 2 weeks. 
The amount of growth in each sample was de- 
termined by dry weight measurements. In a few 
experiments photographs were made of the cul- 
tures, after transfer to tubes for convenience of 
visualization, and of sediments deposited in 
hematocrit tubes by centrifugation. 

When the sample cultures were removed from 
the incubator, any decrease in volume through 
evaporation was made up with distilled water. 
The flasks were then shaken, and a 1 ml sample 
of the culture was placed in a weighed glass vial. 
A second aliquot was centrifuged at 2000r.p.m. 
for 20 minutes, and a 1 ml sample of the super- 
natant fluid was transferred to a second weighed 
vial. The vials containing culture or medium 
were placed in a drying oven maintained at 95 C 
and held at this temperature for 24 hours. After 
removal from the oven, the vials were allowed to 
stand at room temperature for 15 minutes and 
were then weighed to the nearest 0.1 mg. The 
weight of the dried supernatant medium was sub- 
tracted from the weight of the respective dried 
culture to obtain the dry weight of the organisms. 
Samples from other flasks containing the same 
original subculture were used for subsequent 
determinations of growth. An error might be 
introduced here if the organisms were not well 
dispersed in the originally seeded medium, but 
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pains were taken to insure as equitable a distribu- 
tion of bacilli as possible in all flasks at the 
initiation of the experiment. 


RESULTS 


Effect of 1% oxygen and 7.5% carbon 
dioxide on growth.—A series of experi- 
ments were performed in which parallel 
cultures of virulent, attenuated and 
avirulent bacilli of the same original 
turbidities were incubated in air and ina 
gaseous environment containing 1% 
oxygen and 7.5% carbon dioxide. The 
results obtained with 10 virulent strains, 
4 avirulent variants. and 1 attenuated 
strain are summarized in table 1. From 
these data it is apparent that although 
the growth of all organisms was in- 
hibited under the lowered oxygen ten- 
sion, that of the avirulent strains was 
most markedly repressed. The single 
attenuated strain studied, BCG, re- 
sembled the virulent organisms more 
closely than the avirulent in its growth 
under reduced oxygen tension. 

In figure 1 are presented photographs 
of cultures from experiments 12 and 13 
after 3 weeks of growth. The differences 
in amounts of growth between the viru- 
lent and avirulent strains at low oxygen 
tension are plainly visible here. Differ- 
entials of this order could be seen on 
casual observation of most of the cul- 
tures in the various experiments re- 
ported. Figure 2 shows the packed cell 
sediments of 5 ml amounts of 2 virulent 
and 1 avirulent culture from the same 
experiments. In contrast, figure 3 por- 
trays the similarity of growth of the 
attenuated strain BCG at 1% oxygen 
tension to that of the virulent bovine 
strain Ravenel with which it was com- 
pared. 

In figure 4 the average growths of 
virulent and avirulent strains at low 
oxygen tension are presented as per- 
centages of their respective growths in 
air in successive weeks. For the virulent 
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Fic. 1.—Three-week cultures of virulent and avirulent tubercle bacilli in air and in 1% oxygen. 


Fic. 2.—Centrifuged cells from 5 ml of cultures of virulent and avirulent tubercle bacilli after 
3 weeks of growth in air and in 1% oxygen. 


Fic. 3.—Three-week cultures of virulent (Ravenel) and attenuated (BCG) bovine strains in air 
and in 1% oxygen. 
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TABLE 1.—Growth of Myco. tuberculosis in 
Dubos-Tween medium after 2 or 3 weeks’ 
exposure to air or to 1% oxygen with 
7.5 or 0.30% carbon dioxide. 


a 1% 
: )» O 
> Inocu- Air - 26 or 
EXP. Weeks Strain lum Dry ‘ayo 0.3% 
no. O.D.*  wt.t Or COs 
Dry Dry 
wt.t wt.f 
1 2 H37Rv (V) 25 4.6 2.5 
H37Ra (AV) 25 3.7 0.5 
2 3 H37Rv (V) 67 aoe 1.1 
H37Ra (AV) 67 3.2 0.3 
3 2 H37Rv (V) 70 2.3 0.9 
H37Ra (AV) 70 1.6 0.3 
JH16Ra (AV) 70 1.8 0.2 
4 2 Campbell (V) 65 2.6 1.5 
Cutter (V) 65 a 0.9 
Ravenel (V) 65 2.6 0.9 
BCG (AT) 65 2.1 i 
H4Ra (AV) 65 1.9 0.3 
JH16Ra (AV) 65 1.6 0.4 
5 2 H37Rv (V) 80 1.8 1.7 0.8 
H37 Ra (AV) 80 1.7 0.6 0.4 
6 2 H37Rv (V) 32 1.9 0.9 
Ravenel (V) 32 1.8 0.4 
BCG (AT) 32 1.9 0.5 
8 3 Campbell (V) 195 1.8 4.2 2 
H4Ra (AV) 195 1.3 0.5 0.4 
9 3 H37Rv (V) 18 ro 0.7 0.4 
H37Ra (AV) 18 1.0 0.3 0.1 
H4Ra (AV) 20 1.3 0.3 <0.1 
10 2 88 (V) 52 1.1 0.1 0.1 
JH6Ra (AV) 54 0.8 0.1 0.1 
11 3 Cutter (V) 65 aaa 1.0 0.8 
Val (V) 65 1.4 0.5 0.5 
JH6Ra (AV) 65 1.4 0.1 0.1 
12 3 88 (V) 50 1.2 0.4 
Val (V) 52 1.2 0.5 0.5 
Chris (V) 50 1.1 0.7 
Ravenel (V) 50 1.3 0.8 0.6 
BCG (AT 51 1.4 0.3 0.4 
JH6Ra (AV) 50 $.2 0.1 0.1 
13 3 Chris (V) 65 1.2 om 
Con (V) 65 1.6 0.7 
Mel (V) 65 0.9 0.8 
Mose (V) 65 1.3 0.7 
Ravenel (V) 65 $.3 0.8 
BCG (AT) 65 Rae 0.8 
JH6Ra (AV) 65 1.3 0.2 
JH16Ra(AV) 65 1.2 0.2 


V =virulent, AV =avirulent, AT =attenuated 

* O.D. =reading in Klett-Summerson colorimeter. O.D. 
of inoculum is that of 10 ml of the diluted parent culture 
which was added to 200 ml of medium for distribution to 
the experimental flasks. 

t Dry weight of cells per ml of culture. The dry weight 
of the inoculum was generally in the range of 0.3 to 0.6 mg 
per ml of the diluted parent culture. 
strains of all experiments the average 
growth (determined by dry weights) at 
the end of 1 week in an atmosphere con- 
taining 1% oxygen was 39.8% of the 
growth in air, at 2 weeks it was 45.4%; 
and at 3 weeks it was 56.2%. In con- 
trast, corresponding figures for the 
avirulent variants were 22.5, 20.1 and 
20.3%, respectively. The majority of 
cultures did not deviate markedly from 
these values. An exception was strain 
88, a human virulent form which has 
pathogenicity for guinea pigs and grows 
in serpentine formation, but appears to 
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resemble avirulent organisms in being 
markedly inhibited in its growth at low 
oxygen tension. The freshly isolated 
strain Val seems to be intermediate in 
its behavior. Both organisms are being 
investigated more thoroughly. 

Effect of 1% oxygen and 0.30% carbon 
dioxide on growth.—A second gas mix- 
ture containing 1% oxygen with 0.30% 
carbon dioxide was employed in a num- 
ber of growth experiments. This rela- 
tively low concentration of carbon di- 
oxide was intended to reveal how far the 
effects ascribed to low oxygen tension 
above might be influenced by the ac- 
companying carbon dioxide. These ob- 
servations are also summarized in table 
1. The differential of growth inhibition 
between virulent and avirulent strains 
is similar to that seen in the presence of 
the higher carbon dioxide tension. How- 
ever, the growths of all organisms 
tended to be suppressed to a somewhat 
greater extent in the mixture containing 
the lower level of carbon dioxide. Sev- 
eral investigators have found that car- 
bon dioxide in an amount between 2.5%? 
and the higher concentration of 7.5% 
used in the present work is somewhat 
stimulatory to the growth of human and 
bovine varieties of bacilli.24 Although 
these various experiments were carried 
out in the presence of oxygen at or near 
atmospheric levels, in contrast to the 
presently reported work, some influence 
of carbon dioxide upon growth would 
seem to be corroborated by our results. 

Effect of anaerobiasis upon viability of 
bacilli.—During the course of these ex- 
periments some cultures were exposed 
to a flowing mixture of 92.47% nitrogen, 
7.5% carbon dioxide and 0.03% oxygen 
(present as an impurity in the tank mix- 
2. Davies, R. 1940, Brit. J. Exper. Path. 21: 243. 
3. Corper, H. J., Lurie, M. B. and Uyei, N. 1927, 

Am. Rev. Tuberc. 15: 65. 

4. Ebina, T., Nakamura, T. and Inomata, D. 

1938, Tohoku J. Exper. Med. 32: 1. 
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Fic. 4.—Growth in successive weeks of virulent 
expressed as percentage of growth in air. 


ture). The purpose of this almost oxy- 
gen-free mixture was to assess the pos- 
sible growth-promoting influence of 
carbon dioxide alone at the 7.5% con- 
centration in the results seen in the 
mixture of this gas with 1% oxygen. As 
was expected in an environment prac- 
tically devoid of oxygen, virulent, aviru- 
lent and attenuated bacilli all failed to 
show visible growth after 6 weeks of 
incubation. When the flasks were sub- 
sequently exposed to air for 3 weeks, 
no growth became evident. If the ex- 
posure to air was made after only 3 
weeks of incubation in the oxygen-defi- 
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and avirulent bacilli under 1% oxygen tension, 


cient atmosphere, however, growth ap- 
peared upon exposure to air. The un- 
favorable effects of anaerobiasis or very 
low concentrations of oxygen upon sur 
vival of tubercle bacilli has been known 
for some time,*: 5-7 and recently Dubos’ 
has also found that the presence of car- 
bon dioxide and metabolites, such as 
sodium lactate and alanine, hasten 


. Novy, F. G. and Soule, M. H. 1925, J. Infect. 
Dis. 36: 168. 

. Loebel, R. O., Shorr, E. and Richardson, 
H. B. 1933, J. Bact. 26: 139, 167. 

. Potter, T. S. 1942, J. Infect. Dis. 71: 220. 

. Dubos, R. J. 1953, J. Exper. Med. 97: 357. 
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death of the bacilli in the absence of 
oxygen. 


DISCUSSION 


The results reported here reveal that, 
as has been observed by previous in- 
vestigators,’*.°-"! tubercle bacilli are 
progressively hindered in their growth 
as the concentration of oxygen in the 
environment diminishes, regardless of 
the total amount available. Webb, 
Boissevain and Ryder® failed to find 
growth of the human bacillary variant 
even at 4 volumes percent of oxygen. 
Novy and Soule® found growth of the 
H37 strain under 0.5% concentration to 
be less than that in a flask containing 3% 
oxygen, even though the total amounts 
of oxygen consumed were practically 
the same in both cases. Corper and co- 
workers*® observed that the growth of 
human and bovine strains was inhibited 
at 0.5% of oxygen in an open system. 

The possible inhibitory effects of de- 
creased oxygen tensions in the body 
upon the progression of the tuberculous 
process has been appreciated for some 
time,**.§.'—!7 and recently attention has 
turned again to the influence of this 

9. Webb, G. B., Boissevain, C. H. and Ryder, 
C. T. 1924, Am. Rev. Tuberc. 9: 534. 

10. Arloing, F., Thevenot, L. and Viallier, J. 
1937, Compt. rend. Soc. de biol. 124: 161. 

11. Drea, W. F. and Andrejew, A. 1953, The 
Metabolism of the Tubercle Bacillus, Spring- 
field, Illinois, Charles C Thomas. 

12. Adams, W. E. and Vorwald, A. J. 1934, J. 
Thoracic Surg. 3: 632. 

13. Vorwald, A. J. 1937, Am. Rev. Tuberc. 35: 
260. 

14. Kempner, W. 1939, Am. Rev. Tuberc. 40: 
$57. 

15. Rich, A. R. and Follis, R. H., Jr. 1942, Johns 
Hopkins Hosp. Bull. 71: 345. 

16. Rich, A. R. 1951, Pathogenesis of Tuber- 
culosis, ed. 2, Springfield, Illinois, Charles C 
Thomas. 

17. Olson, B. J., Scott, H. W., Jr., Hanlon, C. R. 
and Mattern, C. A. 1952, Am. Rev. Tuberc. 
65: 48. 
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and other physicochemical factors in de- 
termining the fate of virulent bacilli in 
pulmonary lesions, especially in closed 
cavities. !8-* 

In the experiments recorded here, 
the 1% level of oxygen supplied in con- 
tinuous flow to cultures of virulent, at- 
tenuated and avirulent bacilli of human 
and bovine types permitted growth to 
occur in all cases, in the modified man- 
ner expected on the basis of the reports 
of previous observers referred to above. 
The pertinent observation with respect 
to virulence, however, was the finding 
that this effect of low oxygen tension is 
a differential one, i.e., at a tension 
which may approximate that within 
cells, avirulent organisms are inhibited 
in their multiplication to a significantly 
greater extent than are virulent ones. 
This effect was noted with the concen- 
tration of oxygen-employed in these ex- 
periments with or without the con- 
comitant presence of an amount of 
carbon dioxide (7.5%) approximating 
that of alveolar air and venous blood.” 
These findings parallel those of the 
preceding report,’ in which it was ob- 
served that the respiration of avirulent 
bacilli was inhibited to a greater extent 
than that of virulent bacilli under re- 
duced oxygen tension. 

It is presently impossible to know 
exactly to what concentrations of oxy- 
gen tubercle bacilli within body cells 
may be exposed. Mixed venous blood 
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of man has an oxygen content of 12 to 
14 volumes percent,” but the oxygen 
concentration in an area of inflamma- 
tion may be as low as 0.8 percent.* Cal- 
culating on the basis of the absorption 
coefficient of oxygen in plasma at body 
temperature, the 1% oxygen atmos- 
phere to which the liquid cultures in 
these experiments were exposed should 
have resulted in a concentration in the 
medium of 0.023 volumes percent of 
oxygen. This figure is in the range of 
actual measurements of dissolved oxy- 
gen in various culture mediums made 
by Knaysi and Dutky.*" Loebel and 
co-workers® have computed that com- 
plete anaerobiasis may obtain in the 
center of a tubercle with a radius of only 
0.075 mm. Undoubtedly the tubercle 
bacillus in its intracellular habitat is ex- 
posed to very low levels of oxygen, pos- 
sibly in the neighborhood of that which 
our experimental conditions imposed. 
It might be inferred that the concentra- 
tions of oxygen available to organisms 
in the body are actually somewhat less 
than this, at a level where the differ- 
ential effect could be more pronounced, 
virulent organisms being further in- 
hibited than in these experiments while 
avirulent bacilli are completely sup- 
pressed. 

Although it has been observed by 
others*?7 as well as by ourselves that 
avirulent organisms generally grow less 
well under ordinary atmospheric condi- 
tions than do virulent ones, the results 
reported here are not contingent upon 
this fact, for it is the proportionately 
greater decrease of multiplication of 
avirulent bacilli at the low oxygen ten- 
24. Kempner, W. 1930, Ztschr. f. klin. Med. 114: 

439, 

. Knaysi, G. and Dutky, S. R. 1934, J. Bact. 

27: 109. 
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C. 1947, J. Exper. Med. 86: 175. 
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sion over their growth in air which is of 
significance. As a matter of fact, the 
H37Ra strain has been found by Holm- 
gren and Youmans” to have the same 
generation time as the virulent strain 
H37Rv. As shown in table 1, in certain 
of the comparative experiments re- 
ported here this avirulent organism 
grew more profusely than its companion 
H37Rv, yet the avirulent strain showed 
appreciably less growth at the low oxy- 
gen concentration than did the virulent. 
Bearing upon this point also is the fact 
that the freshly isolated virulent strains 
with which we worked did not grow as 
rapidly in air as the laboratory strains; 
rather, they resembled the avirulent 
variants in this respect. Yet here again 
the differential effect with respect to 
growth at low oxygen tension was ap- 
parent. 

It is interesting that in the four ex- 
periments in which the attenuated 
strain, BCG, was studied, its growth 
behavior was more characteristic of the 
virulent than of the avirulent strains. 
This coincides with other observed 
traits of this bacterium, including its 
colonial properties of spreading and 
serpentine growth, its reaction to the 
neutral red test,*?° and its ability to 
propagate within macrophages in tissue 
cultures.*® Furthermore, it appears to 
multiply to some extent in the tissues, 
in contrast to the nondeveloping aviru- 
lent organisms.**-* The studies of 
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Lurie® and of Pierce and co-workers® 
imply that the failure of these bacteria 
to cause progressive infection in mice 
may owe to an acquired property of the 
host, for the bacillus multiplies for a 
time after injection and then decreases 
in numbers. In contrast, avirulent 
bacilli fail to propagate at all, while 
virulent organisms continue to multiply 
to the death of the host. 


CONCLUSIONS 


Fifteen strains of virulent, atten- 
uated and avirulent tubercle bacilli of 
human and bovine types in Dubos- 
Davis medium were subjected in an 
open system to atmospheres containing 
1% oxygen with or without 7.5% car- 
bon dioxide. As compared directly to 
identical cultures cultivated in air, all 
strains were inhibited in their growth. 
Multiplication of the avirulent organ- 
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isms, however, was more markedly sup- 
pressed than that of the virulent strains. 

The concentration of carbon dioxide 
exerted little influence upon the course 
of growth in any of these instances 
studied. Growth of all strains tended to 
be suppressed more at a lower (0.30%) 
than a higher (7.5%) concentration of 
carbon dioxide in the atmosphere of in- 
cubation. 

There is evidence that an attenuated 
bacillus, BCG, displays the growth be- 
havior of virulent rather than of aviru- 
lent organisms under low oxygen ten- 
sion. This behavior coincides with other 
activities of this bacterium. 

It seems probable from these observa- 
tions that a major factor determining 
the virulence of the tubercle bacillus 
may be its ability to proliferate in an 
environment deficient in oxygen. The 
avirulent organism, in contrast, is much 
less able to utilize low concentrations of 
oxygen for its multiplication. 
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